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ABSTRACT 
Many engineering sectors, such as naval, aerospace, automotive and civil, are increasingly employing 
light-weight materials for structural applications. Using experimental and analytical techniques, this 
PhD project aims to assess the structural properties in fire of three important types of light-weight 
materials; namely aluminium alloys, glass fibre laminates and glass fibre-polymer foam core 
sandwich composites. The fire performance of these light-weight materials are compared to steel. 
The thermal, physical and mechanical responses of the materials in elevated temperature and fire-
like conditions are assessed, and the mechanisms controlling softening, damage and failure 
identified. The investigation is conducted for the axial tension and compression load states and a 
variety of stress and heat flux (fire intensity) conditions. Engineering structures are used in a wide 
range of geometric conditions in real world applications, and as such the effect of parameters such 
as material thickness, fibre orientation angle of laminates, and core density of sandwich composites 
on the fire performance is also investigated. 
A comprehensive review of published research on the elevated temperature and fire performance of 
aluminium alloy and composites materials is presented in this PhD thesis. The literature review 
assesses the current state of both experimental and numerical testing of metallic and composite 
materials subject to combined fire conditions and structural loading. Furthermore, the fire-induced 
damage mechanisms and failure of the composite materials are assessed at a constituent level. 
Based on the current state of research, gaps in the experimental and numerical research of metallic 
and composite materials subject to mechanical loading and one-sided fire conditions are identified. 
The research presented in this PhD thesis aims to address some of these important research gaps. 
The effect of fibre orientation on the deformation, softening behaviour and failure of unidirectional 
glass fibre laminates subject to fire is assessed experimentally and numerically in this PhD project. 
Experimental fire testing revealed fibre orientation has a large influence on the thermal, mechanical 
and deformation response of the laminate. The survivability of the laminate in fire-like conditions 
decreased rapidly with increasing fibre orientation (relative to the tensile loading direction). 
Increasing the fibre orientation angle caused the failure mode to change from fibre dominate to 
resin dominate, resulting in a large reduction in structural performance in fire. The softening and 
failure of the laminate is analysed using a thermal-mechanical model, and good agreement exists for 
on-axis or obtuse angles, however prediction of acute angled laminates where mixed-mode failure 
occurs is poor. 
An experimental and analytical investigation is also conducted into the structural performance of 
glass fibre laminates of different thicknesses using experimental fire-under-load tests. The 
xxiii 
 
investigation comprised of laminates with a wide range of thicknesses (1.25 mm - 18 mm). The tests 
are conducted for both the tension and compression load conditions. Increasing thickness affected 
the thermal response of the laminate which in turn affected the mechanical response of the 
laminates during fire exposure. Very thin laminates had a very small through-thickness thermal 
gradient and could be approximated as thermally thin. However, as the thickness increased the 
through-thickness thermal gradient also increased and this reduced the softening rate of the 
laminate resulting in an increase in time-to-failure. The softening and failure of the laminates with 
different thicknesses subject to fire conditions are assessed via a thermal-mechanical model under 
both tension and compression loading. 
Significant scatter in the time-to-failure of composite materials can occur during combined 
mechanical loading and fire exposure. The investigation into the fire performance of composite 
materials was extended here to assess the cause of scatter for both tension and compression load 
conditions. Variability in many properties of the laminate and its constituents are identified, and 
their ability to influence the fire performance assessed. The key sources of scatter are identified and 
a new statistical-based thermal-mechanical model is developed to predict the fire performance.  
Sandwich composite materials find common use in many engineering applications such as naval 
vessels and aircraft. Naval sandwich composites frequently employ rigid polymer foams at various 
densities for use as core materials due to their good resistance to salt water degradation, low water 
absorption, and buoyancy. One such polymer foam is rigid polyurethane. Here, the effect of core 
density on the structural integrity of sandwich composites during fire exposure is investigated. 
Through analytical and experimental analysis, core density was found to influence the thermal 
response of the sandwich composite with in turn affected the mechanical response, failure 
behaviour and ultimately time-to-failure.  
The effect of thickness on the fire performance of steel and aluminium alloy is numerically assessed 
in the tension and compression load conditions via a finite element model. The thermal-mechanical 
model, which has previously been validated to accurately predict the fire performance of aluminium 
in fire, was used for both metals. The effect of increasing thickness was smaller for aluminium than 
for steel due to its much higher thermal conductivity and lower creep activation energy. The relative 
fire-under-load performance of aluminium and steel is also assessed. The steel shows significantly 
better fire performance in both the tension and compression load conditions due to its superior 
elevated temperature properties, lower thermal conductivity and higher creep activation energy. 
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An investigation into the relative structural integrity of steel, aluminium alloy, glass fibre laminate 
and glass fibre sandwich composites subject to one-sided fire conditions is undertaken. The thermal 
response, deformation behaviour and structural integrity for the materials are compared. The 
thermal response is dependent on the material type, with composite materials experiencing much 
greater temperatures than metals when exposed to the same heat flux. The difference in thermal 
response is due to the difference in material properties as well as the difference in damage 
behaviour. Composite materials often exhibit damage that retards conductivity of thermal energy 
from the heat exposed surface to the unexposed surface whereas metals do not. The fire-structural 
response of the materials is assessed for tension and compression load conditions. Steel performs 
best under tension load conditions due to its superior elevated temperature properties. The glass 
fibre laminate performed second best due to the thermal resistance of the glass fibres. The fire 
performance of the aluminium alloy and sandwich composite was similar. Under compression load 
conditions the steel and aluminium performed significantly better than the composite materials; and 
the sandwich composite performed the worst. The poor performance of the composite materials 
was due to the reliance on the polymer matrix properties under compression loading. 
The research presented in this PhD thesis contributes to the understanding of the thermal and 
mechanical response of load-bearing metallic and composite structures and their survivability when 
exposed to fire. Furthermore, important scientific insights into the damage behaviour and 
mechanisms contributing to failure during fire are identified. This research contributes significantly 
to the development of validated models and experimental data for light-weight materials in fire, and 
can be used to help evaluate the fire safety in modern engineering applications where fire is an ever 
present risk.  
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Chapter 1 - Introduction 
1.1 Background 
Aluminium alloys and polymer matrix composite materials are often the materials of choice for 
many engineering structures requiring light-weight and high strength. However, these materials 
have long been plagued by the problem of poor fire resistance. This problem is a major concern 
when composite and aluminium materials are used in applications with significant risk of fire, such 
as offshore platforms, ships and aircraft. Polymer composites are often highly flammable and pose a 
significant fire hazard due to the release of heat, smoke and toxic fumes. Furthermore, thermal 
softening and pyrolysis of the polymer matrix and softening of the fibre reinforcement causes 
composites to distort, weaken and fail when supporting an external load. Although aluminium does 
not burn, it is not immune to fire because it is more thermally conductive than fibre composites, 
soften over a similar temperature range, and can melt. 
This PhD project is focussed on the fire resistance of sheet metal and composite materials used in 
naval structures; namely aluminium alloy, laminate composites and sandwich composites. There is a 
need in the naval sector to reduced maintenance costs, weight and improve performance indices. 
The applications of aluminium and composite materials in naval ships include the hull, 
superstructure and topside structures. 
Composite structures have been used in topside structures and superstructures of naval vessels 
since the 1970’s. The Finnish Navy operate Hamina-class missile boats, as shown in Figure 1-1. The 
Hamina class vessels were built in the late 1990’s and were constructed using an aluminium hull and 
carbon fibre composite superstructure. The United States Navy have built the Zumwalt-class 
destroyer (Figure 1-1) which uses composite material for the upper deckhouse. 
In 2016 DARPA developed an autonomous unmanned ship called the Sea Hunter for the United 
States Navy (Figure 1-2). The 130 ft long Sea Hunter utilises a fibreglass exterior. Also of importance 
is the Alta-class minesweeper KNM Orkla (Figure 1-2) operated by the Royal Norwegian Navy. 
Although destroyed by fire in 2002, the Orkla was constructed from sandwich composite materials. 
The fire emanated from the ships propulsion room, which was constructed using sandwich 
composite material, highlighting the concern of using composite materials in high fire risk 
applications and the need to better understand the fire behaviour of composite and aluminium 
materials. 
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Figure 1-1: Finish Navy operated Hamina-class missle boat (top), and United States Navy operated Zumwalt-class destroyer 
vessel (bottom). 
 
Many of the structures that comprise a ship are load-bearing and can be subject to a variety of load 
types. Depending on the structures purpose these loads can be tension, compression, bending, 
shear or combinations. In the event of a fire, aluminium and composites are susceptible to softening, 
weakening or even decomposition depending on the temperature and duration of the fire. Such 
damage can cause reductions to a structures stiffness and strength. It is paramount that sufficient 
stiffness and strength is retained for structural integrity and the associated damage and reductions 
in mechanical properties are well understood. 
Full-scale real-world fire tests are conducted to assess the thermal-mechanical behaviour of a 
structure in the event of a fire. While effective, these tests are expensive, often complicated and 
only provided useful information regarding the specific structure being examined. A more efficient 
method to progress the understanding of the fire structural behaviour of light-weight composite and 
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aluminium structures is to generate information that can be extrapolated to various structural 
configurations and fire scenarios. 
 
 
 
Figure 1-2: Sea Hunter, a DARPA developed unmanned composite ship (top), and fire aboard the Alta-class minesweeper 
KNM Orkla (bottom). 
 
Research to date has focused on the fire reaction and resistance behaviour of composite and 
aluminium structures. The fire reaction behaviour encompasses the flammability and smoke toxicity 
of a material while the fire resistance behaviour describes the burn-through resistance and 
mechanical integrity of a structure during or after a fire. Investigations into fire reaction behaviour 
have delivered important information regarding fire spread rate, heat release rate, time-to-ignition, 
smoke density and toxicity. Research into the fire resistance behaviour has delivered insights into 
the softening, damage and burn-through resistance of composite and aluminium structures during 
and after fire, and has formed a strong foundation to build upon. A need exists to further analysis 
the mechanical performance of light-weight structural materials under combined fire and 
mechanical load conditions. 
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1.2 Aim and Scope of PhD Project 
This PhD project aims to investigate the fire resistance behaviour of light-weight structural materials 
used in naval ships. The materials of interest are steel, aluminium alloy 5083-H116, woven glass 
fibre-vinyl ester laminate, unidirectional glass fibre-vinyl ester laminate and woven glass fibre-vinyl 
ester sandwich composite (polyurethane core). These materials are studied due to their current or 
potential use on naval ships. The key focus of the study is to develop the current understanding of 
the thermal and mechanical response of the materials in elevated temperature and fire 
environments. As well as, use experimental data to assess and develop current modelling 
approaches to predict the survivability of these light-weight materials in fire. 
The objectives of the PhD project are as follows: 
1. Investigate the effects of combined mechanical load and exposure to fire conditions on the 
survivability of the aforementioned materials. 
2. Determine the effect of geometric parameters on the thermal-mechanical response of the 
aforementioned materials subject to elevated temperature and fire environments. 
3. Investigate variability in the survivability of E-glass fibre laminates used in naval ships. 
4. Develop and validate thermal-mechanical modelling approaches for the aforementioned 
materials. 
5. Quantitatively assess the comparative thermal-mechanical response of different light-weight 
structural materials in fire environments. 
These objectives are novel or add meaningfully to the current understanding of the survivability of 
light-weight structural materials in fire environments. Information on objectives 1 and 4 exists, 
however significant gaps in the research still exist. There is very limited information published on 
objective 2 while objective 3 has never been investigated. The knowledge gained by this PhD 
research will contribute towards the scientific understanding of light-weight structural materials in 
fire as well as the influence of geometric parameters, particularly those used on naval ships. 
It is expected that this research will: 
1. Provide significant insight into the fire resistance behaviour of metals, laminates and 
sandwich composite materials. 
2. Develop new or existing modelling approaches to predict the fire structural response of 
metals, laminates and sandwich composite materials. 
3. Provide in-depth understanding of the effect of practical geometric parameters on 
survivability of metals, laminates and sandwich composite materials in fire. 
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4. Give insight into the fire structural response of similar metals, composite laminate and 
sandwich composite materials used in high fire risk applications, providing increased safety 
in the design of fire resistant naval ships using these materials. 
1.3 Thesis Outline 
Chapter 2 presents a comprehensive review of the current state of published research into the fire 
structural behaviour of metallic, laminate and sandwich composite materials. The review covers all 
fundamental aspects of fire structural behaviour, including elevated temperature properties, 
thermal response, damage mechanisms, failure, numerical modelling and experimental analysis. 
Current gaps in the field are also identified. 
A series of research investigations into the effect of physical parameters on the fire structural 
response of laminated composite materials are presented in Chapter 3 and Chapter 4. The 
parameters of interest are fibre angle and laminate thickness. The effect of changes to these 
parameters on the fire structural response and through-the-thickness temperature distribution are 
modelled using an analytical thermal-mechanical model. The theoretical predictions are compared 
against experimental results to assess numerical accuracy. 
Research to date suggests significant scatter exists in the fire structural response of glass fibre 
laminates subject to tension and compression loads. Chapter 5 investigates the cause of scatter in 
the fire structural response for fibre glass laminates by means of stochastic analysis. This research 
provides new insights into the variability in fire resistance behaviour of laminates subject to 
combined mechanical load and fire conditions. 
Research into the fire performance of sandwich composite structures is presented in Chapter 6. The 
investigation determines the effect of increasing core density on both the thermal and mechanical 
response of sandwich composite structures subject to mechanical load and fire conditions. A 
thermal-mechanical analytical model is used to predict the fire structural response of the sandwich 
composites. The numerical accuracy of the model is assessed by comparing theoretical predictions 
and experimental results. 
Presented in Chapter 7 is numerical research into the effect of thickness on the structural response 
of steel and aluminium plates subject to combined mechanical load and one-sided fire conditions. 
The analysis is conducted for both the tension and compression load cases. 
Based off the findings in the previous chapters, Chapter 8 presents a comparative assessment of the 
fire performance of metallic and composite materials. Chapter 9 concludes the PhD thesis with a 
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summary of the major research findings. Suggestions of future research topics to further the 
understanding of the fire structural behaviour of metallic, laminate and sandwich composite 
materials is presented. 
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Chapter 2 – Literature Review 
Abstract 
Aluminium alloys and fibre reinforced polymer composite materials are increasingly being used in 
light-weight structural applications. There is concern regarding their structural integrity in the event 
of a fire due to their low softening temperatures (typically <150°C). A comprehensive and critical 
review of published research into the performance of metals (aluminium and steel) and composite 
materials subject to elevated temperature and fire conditions is presented.  Models to predict 
reductions to the mechanical properties at elevated temperature are reviewed as are models to 
assess the behaviour and failure in fire conditions. Based on the literature review, it is clear that 
more research is needed to develop and validate thermal-mechanical models to analyse the 
structural integrity of aluminium and composite structures in fire. 
2.1 Introduction 
A variety of aluminium alloys and composite materials are used as ship structural materials. The 
5xxx-series aluminium alloys and glass-fibre composites are two commonly used materials. The 
information presented in  
Table 2-1 highlights the benefits of using aluminium alloys and glass-fibre composite materials 
compared with steel in ship structures.  
Table 2-1 compares properties of ship-grade aluminium, steel, and glass-fibre composite materials. 
Compared to steel, aluminium and glass-fibre composite have significantly lower densities and 
higher specific strengths. 
A growing concern is the performance of aluminium alloys and composite materials exposed to fire 
where the temperatures can exceed 800-1000°C. Metal and composite materials suffer degradation 
of their mechanical properties at elevated temperatures. Aluminium alloys are susceptible to creep 
and begin to show reductions in stiffness and strength when heated to approximately 150°C, and 
above 250°C the mechanical properties are reduced by more than one-half. Due to the organic 
matrix composite materials are susceptible to pyrolysis, are highly flammable and offer poor fire 
resistance. Many composite materials decompose with the release of smoke and fumes when 
exposed to high temperatures. In comparison, steel can withstand temperatures up to 500-600°C 
before the mechanical properties are reduced by one-half. Figure 2-1 shows the effect of increasing 
temperature on tensile strength for aluminium, steel and a glass-fibre/polyester composite material. 
Due to the susceptibility of aluminium alloys and glass-fibre composite materials to elevated 
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temperatures, it is often necessary to thermally insulate aluminium and to treat composite materials 
with fire retardant additives to ensure adequate long term survivability in fire [1-8]. 
 
Table 2-1: Comparison of properties for aluminium, fibreglass composites and steel. 
Property Aluminium Alloy1 Composite3 Steel2 
Density (g/cm3) 2.7 1.8 7.2 
Young’s modulus (GPa) 72 25 210 
Specific modulus (MPa.m3/kg) 27 14 29 
Yield strength (MPa) 215 435 400 
Specific strength (kPa.m3/kg) 79.6 242 55.5 
Corrosion resistance Moderate High Poor 
Fracture toughness (kJ/m2) 20-30 40-100 100 
Softening temperature (C) 240 80 400-450 
Melting temperature (C) 660 120 1650 
Thermal Conductivity (W/m.K) 155 0.43 40 
Fire Non-flammable Flammable Non-flammable 
1. AA5083-H116. 
2. Naval grade mild steel. 
3. [0/90] E-glass/vinyl ester composite with fibre volume content of 55%. 
4. Softening temperature: Temperature at which the compression modulus has reduced 50%. 
5. Melting temperature for composites is defined by the glass transition temperature. 
6. Thermal conductivity at 20C. 
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Figure 2-1: Strength of a) 5083 aluminium alloy [9], b) G550 and G450 cold-formed steel [10], and c) glass/polyester 
composite [5] as a function of temperature. 
 
Naval ship fires have highlighted the poor fire performance of aluminium alloys and composite 
materials. For example, large fires have occurred on the Royal Navy HMS Cattistock and HMS 
Ledbury, both minehunter ships are of all-composite construction. On 22nd November 1986 the USS 
Belknap, a steel-hull ship with an aluminium superstructure, suffered extensive topside damage due 
to fire after a collision with the USS John F Kennedy, Figure 2-2. As well as the loss of life, the 
aluminium superstructure was destroyed to the main deck level. A subsequent report stated “This 
fire and the resultant damage and deaths, which would have been preventable had Belknap’s 
superstructure been of steel” [11]. 
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Figure 2-2: Damage resulting from fire after the USS Belknap collided with the USS John F Kennedy [11]. 
 
This chapter provides a review of published studies into the thermal, mechanical and structural 
properties of aluminium and composite materials exposed to elevated temperature, fire and fire-
under-load conditions. The studies are reviewed to provide insights into the thermal-mechanical 
modelling of aluminium and composite structures in fire and to determine empirical data to support 
the modelling. The review briefly examines the mechanical properties of aluminium and composites 
at elevated isothermal temperature conditions. The review then examines published research into 
the heat flow and thermal response of unloaded aluminium and composites in fire. The review then 
examines the structural integrity and modelling of load-bearing aluminium and composite materials 
in fire conditions. 
2.2 Properties of Aluminium Alloys at Elevated Temperature  
The responses of aluminium alloys exposed to elevated temperature conditions has been 
investigated [9, 12-16]. Aluminium alloys have good room temperature mechanical properties 
compared to other structural materials, however due to its low softening temperature 
(approximately 150°C), its performance is significantly reduced at elevated temperature. In order to 
understand the behaviour of aluminium alloys in fire it is important to gain an understanding of the 
effect of elevated temperature on the physical and mechanical properties. Outlined in the following 
section is a review of published studies into the effect of elevated temperature on aluminium alloys. 
2.2.1 Isothermal Elevated Temperature Properties of Aluminium Alloys 
When aluminium is exposed to isothermal elevated temperature conditions the Young’s modulus 
decreases with increasing temperature. Aluminium typically melts at approximately 650°C and losses 
half of its strength by approximately 200°C. Figure 2-3 shows the effect of increasing temperature on 
Young’s modulus for 5083 and 5754 grade aluminium alloys [13] which are used in ship construction, 
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and a very similar trend occurs for other alloy types [17]. The modulus is relatively unaffected by 
temperature up until approximately 100°C after which the modulus decreases with increasing 
temperature. The modulus of aluminium is relatively insensitive to chemical composition, heat 
treatment and degree of work hardening [9]; and as such the change in modulus is practically 
independent of alloy type and is fully recoverable when cooled. 
 
Figure 2-3: Effect of temperature on Young’s modulus for different grades of aluminium alloy [13]. 
 
The effect of increasing temperature on the yield stress of various aluminium alloy is shown in Figure 
2-4. The reduction to yield stress occurs over a similar temperature range to that of the Young’s 
modulus (100 to 450°C). The change in yield stress is due mainly to increased plastic flow facilitated 
by increased mobility of dislocations within the crystal structure. 
The stress-strain response of aluminium subject to tension load conditions at elevated temperature 
was investigated by [9, 18]. The stress-strain response is shown in Figure 2-5 for a temperature 
range of 23 to 360°C. The curves show a reduction in yield stress and an increase in the elastic-strain 
limit due to increasing temperature. Unlike the modulus, these curves are dependent on the 
aluminium alloy type. At room temperature evidence of Portevin-Le Chatelier instability is observed 
due to the breaking away of mobile dislocations and Mg solutes. This behaviour is not observed at 
elevated temperature as precipitation of Mg solutes out of the solid solution allow easier dislocation 
migration [19]. 
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Figure 2-4: Effect of temperature on normalised proof stress (k0.2,T) of various aluminium alloys [15]. 
 
 
Figure 2-5: Effect of temperature on the stress-strain response of a 5083 aluminium alloy [9]. 
 
Khatibi et al. [13] measured the creep properties for aluminium alloy 5083. Over the temperature 
range of 20 to 450°C a series of metallurgical transformations occur which alter the creep properties, 
particularly the secondary creep activation energy. The transformations include elimination of 
dislocations, precipitate formation and coarsening (Mg5Al8 and Mg2Si), reduction in the solid 
solution concentration of solute elements due to precipitation, and changes to grain texture and size 
due to recrystallization and grain growth [15, 16]. The secondary creep activation energy was found 
to decrease with increasing temperature; this was also shown by other authors for other aluminium 
alloy types [20-22]. 
Recent research has found that significant variability exists in the creep behaviour of aluminium and 
similar metallic materials [12]. The cause of the scatter is intrinsic variability of the bulk material. For 
example, microstructural variability of cast and rolled products can result in significant scatter in the 
creep response of a metal. Variability in creep properties have been reported for a variety of metallic 
materials [14, 23, 24]. The cause of the variability is thought to be influenced by non-uniform 
nucleation and growth of creep cavitation at grain boundaries and precipitates within the metal. 
These factors can strongly influence the creep strain rate and stress rupture time, but not 
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significantly affect the Young’s modulus or yield stress [12]. Khatibi et al. found significant scatter 
exists in the secondary creep rate, threshold strain for the onset of tertiary creep, and the stress 
rupture time, and similar observations have also been made by other authors [14, 23-26]. 
2.2.2 Thermal Response and Damage of Aluminium Alloys in Fire 
Thermal Response 
Published information exists for the thermal response of aluminium in fire [9, 13, 15, 18, 27-32]. The 
typical effect of exposure to a one-sided fire on the thermal response of a 5083 aluminium alloy 
sheet is shown in Figure 2-6 [9]. The aluminium sheet was subject to various heat flux levels 
representative of different fire intensities, and the temperature-time profiles are for exposure to 
relatively low, medium and high intensity fire conditions. As expected, increasing the heat flux 
increases both the maximum temperature and heating rate of the aluminium alloy. 
 
Figure 2-6: Measured temperature-time profiles of an aluminium alloy (5083) for various heat flux levels [9]. 
 
Fire-Induced Damage to Aluminium Alloys 
The effect of fire exposure on the microstructure of a 5083 aluminium alloy has been investigated by 
Summers et al. [16]. The fire exposure was simulated as a constant heating rate to a predefined 
temperature (up to 500°C). Samples were immediately quenched to minimise the effects of time-
temperature dependent material evolution. Shown in Figure 2-7 are the as-received dislocation and 
grain structures of the aluminium alloy, which were determined to be typical for a work-hardened 
material. The dislocation structure comprised of distinctive regions with subgrains of different 
morphology and texture, a lamellar structure with boundaries (parallel to rolling direction), 
interconnecting dislocation boundaries (perpendicular to rolling direction), a low misorientation 
angle of subgrains, and intermetallic particles. The as-received grain structure was elongated in the 
rolling direction with an average grain size of 89 μm. 
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Figure 2-7: a) TEM micrograph of the as-received dislocation structure and b) the as-received grain structure for 5083-H116 
aluminium alloy [16]. 
 
The effect of exposure to a simulated fire (heating to 400 °C at 20 °C/min) on the microstructure of 
the 5083 aluminium alloy is shown in Figure 2-8. Microstructural evolution is attributed to recovery 
and recrystallization. Type II recovery (subgrain coarsening) dominated the microstructural evolution 
until recrystallization, which occurred by the nucleation and growth of new grains above 
approximately 300°C. The fully recrystallised microstructure comprised of equiaxed grains with a 
reduced average size of 48 μm.  
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Figure 2-8: The recrystalised grain structure for 5083-H116 aluminium alloy after heat treatment to 400°C at 20°C/min [16]. 
 
2.2.3 Structural Integrity of Aluminium Alloys in Fire 
The structural integrity of aluminium in fire has been extensively characterised [9, 12, 13, 15-18, 27-
37]. To date structural tests have been performed on load-bearing aluminium alloy components to 
determine their deformation behaviour and failure mode at elevated temperature and in fire-like 
conditions. These tests have been largely confined to components that are representative of a 
structural application, such as support columns or bulkhead panels [29, 30, 32, 37, 38]. Although the 
use of representative components provides useful empirical data and observations on the structural 
behaviour in fire, it provides limited insight into the fire response behaviour for other structures. 
Here, the fire response behaviour of loaded aluminium alloys investigated using generic geometries, 
such as dog-bone or baton specimens, as well as empirical, analytical and numerical modelling is 
reviewed. 
Tension Loading 
Maljaars et al. [36] used transient uniaxial tension tests to study the creep behaviour of two 
aluminium alloys under fire-like conditions, and to validate the use of the Dorn-Harmathy creep 
model for aluminium alloys. The aluminium alloys in the study (AA5083-H111 and AA6060-T66) are 
commonly used in structures, including the topside structures for ships, drill platforms, and 
helicopter decks. The two aluminium alloys were chosen due to their differing behaviour at elevated 
temperature. The Dorn-Harmathy creep model was unable to predict strain for the precipitation-
hardened aluminium alloys in the 6xxx-series. Subsequently Maljaars et al. [36] modified the Dorn-
Harmathy creep model to incorporate the influence of first stage tertiary creep for aluminium alloys. 
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Maljaars et al. [36] also showed that a critical temperature exists which corresponds to a critical 
strain, at which point plastic buckling will occur and the compression-loaded aluminium section will 
fail. The sudden failure of an aluminium section which has reached the critical temperature and 
strain is shown in Figure 2-9 (left). The calculated and experimental values of critical temperature for 
both the 5xxx- and 6xxx-series aluminium alloys were shown to be in good agreement, Figure 2-9 
(right). 
  
Figure 2-9: Strain as a function of temperature for transient state tests and simulations (left). Critical temperatures of the 
transient state test compared with the model (right) [36]. 
 
Based on the life-fraction rule proposed by Straalsund et al. [39] and the Larson-Miller parameter 
(LMP), Kandare et al. [34] developed an analytical model to predict tensile and compressive failure 
of aluminium plates subject to simulated fire conditions. Failure of the aluminium plates was found 
in terms of a critical temperature and time. For unsteady-state thermal conditions, the LMP values 
can be calculated via integration of the life-fraction rule: 
𝐹(𝑇) =
10𝐶
𝛽
∫ 𝑒𝑥𝑝 (
−2.303𝐿𝑀𝑃
𝑇(𝑡)
)𝑑𝑇 = 1
𝑇𝑓
𝑇1
 (2-1) 
Where 𝑇𝑓 is the specimen temperature at rupture/failure, 𝑇1 is the initial specimen temperature, β is 
the heating rate, and C is a material constant. The LMP values are then used to construct a failure 
master curve for the aluminium alloy in fire-like conditions. The Larson-Miller relationships 
determined by Kandare et al. for AA5083 alloy for different failure conditions are shown below. 
Tensile Rupture: 𝜎𝑇 = 9195𝑒
(−87.1×10−4𝐿𝑀𝑃𝑇) 
Buckling Initiation: 𝜎𝐶 = 7966𝑒
(−8.9×10−4𝐿𝑀𝑃𝐵𝐼) 
Buckling Collapse: 𝜎𝐶 = 2770𝑒
(−6.7×10−3𝐿𝑀𝑃𝐵𝐶) 
(2-2a-c) 
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The subscripts to the LMP refer to the failure mode: T refers to tensile rupture, BI to initiation of 
buckling instability, and BC to final buckling collapse. 
Shown in Figure 2-10 are comparisons made by Kandare et al. [34] of predicted and measured time-
to-failures of an aluminium plate for tensile rupture, initial instability, and final tensile failure. For 
both time and temperature, the predicted and measured results are in good agreement. The main 
advantage of the LMP model approach is the ability to predict long-term fire performance from 
short-term, high temperature fire experimental data. 
 
Figure 2-10: Comparison of the predicted and measured time-to-failures of aluminium plate for tension (top), initiation of 
plastic instability (left), and final failure (right) [34]. The test material was AA5083 and the heat flux values for 
the fire are shown. 
 
Khatibi et al. [13] extended an FE model developed by Feih et al. [9] to study the mechanical 
response of an 5083 aluminium alloy subject to tensile loading and one-sided simulated fire 
conditions. The model sequentially coupled a thermal analysis with a mechanical analysis. 3D heat 
conduction theory is used to calculate the temperature distribution in the aluminium when exposed 
to fire, and it is combined with the effects of elastic softening, time-independent plastic softening, 
creep softening (primary, secondary and tertiary), and thermal expansion. The creep model used by 
Khatibi et al. [13] is similar to the modified Dorn-Harmathy creep model used in [30]. Metallurgical 
transformations over the temperature range of the tests were found to alter the creep properties, 
particularly the creep activation energy. As a result the activation energy was assumed to decrease 
linearly with increasing temperature over the test temperature range. Microstructural examination 
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indicated that the notable transformations included elimination of dislocations, precipitate 
formation and coarsening, reduction in solid solution concentration of solute elements due to 
precipitation, and changes to grain texture and size due to recrystallization and grain growth. The 
simplification of the creep activation energy was noted as a possible discrepancy between simulated 
and experimental results. The FE model by Khatibi et al. [13] was validated using experimental data 
obtained from fire structural tests on an 5083 aluminium alloy plate subject to tensile loading. Figure 
2-11 shows the calculated and measured displacement-heating time curves for the 5083 aluminium 
plate. Good agreement was found between the model and experimental data. Figure 2-12 shows 
necking initiation and time-to-failures (left and right respectively) for the calculated and 
experimental results under various tensile stress and heat flux test conditions. Good agreement 
between calculated and experimental results demonstrates the FE model by Khatibi and colleagues 
can approximate the heat exposure times required for the initiation of unstable plastic yielding, 
followed by complete failure of the aluminium. 
 
Figure 2-11: Calculated and measured displacement-heating time curves for aluminium plate (AA5083) under combined 
tensile loading and one-sided heat representative of fire [13]. 
 
Figure 2-12:  Calculated and measured values for time-to-necking initiation (left); Time-to-failure (right) for aluminium 
plate (AA5083) under combined tensile loading and one-sided heat representative of fire [13]. 
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Khatibi et al. [13] quantitatively assessed the relative contributions of creep deformation to 
elastic/plastic deformations for the complete time-to-failure of the aluminium plate under combined 
tensile load and fire exposure, Figure 2-13. The analysis indicates that under high tensile loads final 
failure is controlled by elastic/plastic deformations with short time-to-failures, and under low tensile 
loads final failure is due mostly to creep softening effects with long time-to-failures. 
 
Figure 2-13:  Effect of applied stress and heat flux on the contribution of creep and elastic/yield stress softening for failure 
of aluminium [13]. 
 
Compression Loading 
The fire structural response of aluminium under compression loading has also seen developments 
via both experimental and modelling investigations. Suzuki et al. [32] developed analytical 
expressions based on a lumped mass heat balance equation and semi-empirical mechanical models 
to calculate the temperature rise, collapse mechanism, and critical failure temperatures of 
aluminium alloy members under uniaxial compression or bending loads. Figure 2-14 (left) illustrates 
the reduction to the yield strength due to increasing temperature. The proposed model assumes the 
member strength to be constant below 100C and to decrease linearly for temperatures greater 
than 100C. The model also assumes the member strength to be zero for temperatures greater than 
350C. While these assumptions make for a simpler model, they do not realistically reflect the actual 
amount and rate of softening. As shown by the experimental results, the softening rate above 100°C 
is not linear and the aluminium has significant residual strength at 350°C. Figure 2-14 (right) 
compares the calculated and experimental values for the average member temperature rise. The 
model temperature rise values compare well with experimental values, however they differ from 
experimental values initially due to water evaporation from the insulation covering the aluminium. A 
sudden increase in temperature can be seen towards the end of the experiment, this was caused by 
insulation cracking and detachment. The method proposed by Suzuki et al. [32] neglects time-
dependant creep softening and assumes the reduction in elastic modulus is the sole reason for 
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structural collapse in fire. The method is therefore inaccurate for low load conditions involving long 
failure periods where plastic creep softening plays an important role [9, 13]. 
 
Figure 2-14: The effect of temperature on yield strength (left); Comparison of average member temperature rise for 
experimental and calculated values (right) [32]. 
 
Maljaars et al. expanded their work in [29, 30] to encompass a numerical analysis of local 
compressive buckling of slender aluminium alloy sections exposed to fire. The modified Dorn-
Harmathy model used in [36] was further modified to include a zero stress, zero strain state to allow 
prediction of creep when the specimen is subject to compressive loading. Figure 2-15 shows a 
comparison of the resulting strain curve for the new, old, and experimental methods for a load case 
where the stress changes from tensile to compressive. The new model introduces a modified creep 
strain (𝜖𝑡,𝜃
∗ ) in place of the total creep strain (𝜀𝑡,0), where the modified creep strain is defined by Eqn 
2-3. Significant improvement can be seen between the new and old models. 
𝜀𝑡,𝜃
∗ = 𝑓(𝑥) = {
𝜀𝑡,0,𝑡𝑒𝑛𝑠,    𝜎 ≥ 0
 𝜀𝑡,0,𝑐𝑜𝑚𝑝, 𝜎 < 0
 (2-3) 
𝜀𝑡,0,𝑡𝑒𝑛𝑠 = 𝑚𝑎𝑥 (0,∫
𝑑𝜀𝑡,0
𝑑𝑡
𝑡
0
. 𝑑𝑡) (2-4) 
𝜀𝑡,0,𝑐𝑜𝑚𝑝 = 𝑚𝑎𝑥 (0,−∫
𝑑𝜀𝑡,0
𝑑𝑡
𝑡
0
. 𝑑𝑡) (2-5) 
Feih et al. [9] developed a fully coupled thermal-mechanical finite element (FE) modelling approach 
to predict the deformation, softening and failure of compression loaded aluminium structures 
exposed to one-sided unsteady-state heating representative of fire. The model uses 3D heat 
conduction theory to calculate the temperature distribution in the structure, and combines the 
effects of elastic softening, time-independent plastic softening, time-dependant plastic softening (ie. 
primary and secondary creep), thermal expansion, and initial misalignment of the rolled aluminium 
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plate. The elastic softening was predicted based on Young’s modulus-temperature data; the time-
independent plastic softening and deformation was calculated using a von Mises yield criteria with 
temperature-dependent isotropic hardening; and the creep softening analysis used a time-hardening 
power-law model, with experimental constants derived from the LMP model proposed by Kandare 
et al. [34]. The FE model proposed by Feih et al. [9] was validated using fire-under-load tests on an 
5083 aluminium alloy plate supporting applied compression loads while subject to a range of radiant 
heat flux (temperature) values. Shown in Figure 2-16 are comparisons of experimental and predicted 
values for compressive buckling load (top), final time-to-failure (left), and final failure temperature 
(right). The agreement between experimental and predicted values is good in most cases. The 
scatter bars indicated the difference in the numerically calculated final time-to-failures for minimum 
and maximum curvature of the plate. 
 
 
Figure 2-15:  Creep with tensile and subsequent compression stress, load, and temperature condition (left); Resulting strain-
time response (right) [30]. 
 
 
Figure 2-16:  Numerical and experimental data for time to final failure (top), plots comparing the FE predictions against the 
measured values for heating time (left) and critical temperature for final failure of the aluminium plate 
(AA5083) (right) [9]. 
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As well as predicting deformation and failure, the FE model also quantitatively assesses the relative 
contributions of elastic- and creep-softening effects to the final failure and collapse of compression 
load-bearing aluminium structures during fire exposure. It was found by Feih and colleagues that 
elastic- and creep-softening influence the deformation and failure of the plate significantly, while 
time-independent plastic-softening has little influence (contributing less than 10%). Figure 2-17 
shows the relative contribution of elastic- and creep-softening as a function of the applied 
compressive stress. It is found that the relative contribution of elastic- and creep-softening is 
dependent on the initial curvature of the plate and the applied compressive stress; with high stress 
loads being dominated by elastic-softening and low stress loads being dominated by creep-
softening. 
 
Figure 2-17:  Creep strain versus elastic strain-softening contribution during failure of an aluminium plate under combined 
compressive loading and one-sided heating representative of a fire [9]. 
 
An investigation into the fire performance of two aluminium alloys (AA5083-H116, AA6082-T651) 
subject to the combined effect of one-sided heating by fire and compression load was conducted by 
Fogle et al. [28]. As well as different alloy types, the study took into account different thicknesses, 
widths and heights of the aluminium test plates on their fire-under-load performance. The study 
found increasing time-to-failure with decreasing applied load. It was also determined that the 
aluminium type affected the fire performance, with the age-hardened 6082 alloy outperforming the 
strain-hardened 5083 alloy. Fogle and colleagues also developed a temperature dependent 
analytical model to predict operating temperature, failure and failure mode of aluminium in fire. The 
model builds upon a model developed by Mazzolani et al. [40]; using elevated temperature 
properties (E, 𝜎0.2) to calculate failure based on a non-dimensional stress (𝑁𝑓) for various non-
dimensional slenderness ratios (Λ). 
Λ =
𝜆
𝜆0
 (2-6) 
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𝑁𝑓 =
𝜎𝑓
𝜎0.2
 (2-7) 
 where the 𝜎0.2 is the yield stress at the sample temperature and 𝜎𝑓 is the failure stress, either from 
yielding or buckling. 𝜆 and 𝜆0 are the slenderness ratio and critical slenderness ratio, respectively. 
The resulting failure curve is shown in Figure 2-18 along with experimental results from fire-under-
compression-load tests for the two aluminium alloys, and there is good agreement in most cases. 
The discrepancy between the curve and some of the experimental results was attributed by Fogel 
and colleagues to the exclusion of creep effects and initial curvature of the rolled plates in the 
analysis. 
 
Figure 2-18:  Comparison of the predicted failure (solid line) and experimental failures of aluminium alloy (AA5083, AA6082) 
subject to compression load and fire exposure [28]. 
 
2.3 Properties of Composite Materials at Elevated Temperature  
Composite materials suffer from degradation of their mechanical properties when exposed to 
elevated temperature. Exposure to elevated temperature not only affects mechanical properties but 
may also cause irreversible damage to the constituent materials (eg. polymer matrix, fibres). In order 
to understand the behaviour of composite materials in fire it is important to gain an understanding 
of the effect of elevated temperature on their physical and mechanical properties. The thermal and 
mechanical response of composite materials exposed to elevated temperatures has been thoroughly 
investigated [1, 5, 7, 8, 33, 41-101]. Outlined in the following section is a review of published studies 
into the effect of elevated temperature on composite materials.  
2.3.1 Isothermal Elevated Temperature Properties of Composites 
Composite materials commonly make use of a wide variety of metal, polymer, glass and ceramic 
materials. The response of the composite to elevated temperature is greatly dependent on the type 
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and amount of constituents used. The types of composite materials relevant in this PhD project are 
glass fibre reinforced thermoset composites, specifically vinyl ester resin, and polyurethane foam 
core sandwich composites; and as such the discussion will be focussed on these material types. 
Vinyl Ester Resin 
Vinyl ester resin, a common thermosetting resin used in marine applications due to its good 
durability in seawater, shows considerable reduction in mechanical properties at elevated 
temperature. The effect of temperature on the tensile strength of a neat vinyl ester resin is shown in 
Figure 2-19. Thermal softening of this resin starts at approximately 50°C and is symmetric about the 
glass transition temperature (88°C) [54]. The residual strength of the resin reaches a negligible level 
(having reduced by 98%) at temperatures above ~150°C. As well as reducing the strength of the 
resin, thermal softening of the polymer matrix reduces stiffness and the load transferring efficiency 
between the fibre and matrix which in turn reduces the strength of the overall composite. 
 
Figure 2-19: Effect of temperature on the tensile strength for a vinyl ester resin [59]. 
 
Gibson et al. [63] used thermogravimetric analysis (TGA) to quantify the decomposition of vinyl ester 
resin in a nitrogen environment. Figure 2-20 shows the decomposition behaviour of a vinyl ester, 
and compares against polyester and phenolic resins. The vinyl ester shows a single stage 
decomposition process occurring over a temperature range of approximately 350 to 480°C. 
Decomposition of the polymer matrix occurs via random chain scission and depolymerisation 
reactions. Similar decomposition behaviour for vinyl ester resin matrix composites has been 
reported [70, 78, 102]. 
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Figure 2-20: TGA curves for isophthalic polyester, vinyl ester and phenolic resins measured at a heating rate of 25°C/min in 
a nitrogen environment [63]. 
 
Glass Fibres 
The effect of temperature on the mechanical properties of E-glass fibres was investigated by [51, 52, 
103-110]. Feih et al. [52] investigated the tensile properties of single E-glass filaments and fibre 
bundles that had been heat treated at 450°C for 15 and 30 minutes before being mechanically 
tested. Shown in Figure 2-21 is the effect of temperature on the tensile stress-strain behaviour of 
single E-glass fibres. It was found that exposure to elevated temperature significantly reduced the 
failure stress and strain-to-failure, but did not affect the elastic modulus of E-glass fibres. 
 
Figure 2-21: Effect of heat treatment on the tensile properties of E-glass fibres [52]. 
 
Feih et al. [52] also investigated the effect of elevated temperature and exposure time on E-glass 
fibre properties. Shown in Figure 2-22 is the tensile strength of E-glass fibre bundles following 
exposure to elevated temperatures and heating times. For temperatures above 150°C, it was found 
that both the temperature and heat exposure time affected the strength of the fibre bundles, with 
increasing temperature and time reducing the failure stress. Examination of the fracture surfaces of 
broken glass fibre filaments post-exposure to elevated temperature revealed the reduction in 
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strength was due to the growth of pre-existing surface flaws. Although the investigation by Feih and 
colleagues provided important insights into the fibre damage caused by elevated temperature 
exposure, the mechanism driving the creation and growth of surface flaws has yet to be determined. 
 
 
Figure 2-22: Effect of temperature and heating time on the percentage tensile failure loads of E-glass fibre bundles [52]. 
Laminate Properties 
The effect of temperature on the composite properties at elevated temperature can be modelled by 
several curve fitting techniques, with the most commonly used being the hyperbolic [54, 55, 64] and 
polynomial [111, 112] functions: 
𝑃(𝑇) =
𝑃0 + 𝑃𝑅
2
−
𝑃0 + 𝑃𝑅
2
𝑡𝑎𝑛ℎ (𝜉(𝑇 − 𝑇𝑔)) (2-8) 
𝑃(𝑇) = [1 − 𝜉1 (
𝑇 − 𝑇∞
𝑇𝑔 − 𝑇
) − 𝜉2 (
𝑇 − 𝑇∞
𝑇𝑔 − 𝑇
)
2
− 𝜉3 (
𝑇 − 𝑇∞
𝑇𝑔 − 𝑇
)
3
]𝑃0 (2-9) 
Where 𝑃0 and 𝑃𝑅 are the room temperature and residual material properties, respectively. 𝜉 is an 
experimentally determined materials constant and 𝑇𝑔 is the glass transition temperature. The 
models account for glass transition softening, but do not account for other softening processes (eg. 
decomposition, delamination, etc). Gibson et al. [64] modified Eqn. 2-8 to account for 
decomposition of the polymer matrix: 
𝑃(𝑇) = (
𝑃0 + 𝑃𝑅
2
−
𝑃0 + 𝑃𝑅
2
𝑡𝑎𝑛ℎ (𝜉(𝑇 − 𝑇𝑔)))𝑅𝑟𝑐
𝑛 (𝑇) (2-10) 
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Where the term 𝑅𝑟𝑐
𝑛  analyses the change in properties due to decomposition of the polymer matrix. 
The typical relationship between the elastic properties and temperature for a polymer laminate is 
shown in Figure 2-23. 
 
Figure 2-23: Effect of increasing temperature on the longitudinal, transverse and in-plane shear modulus of a 
glass/polyester laminate [64]. 
When exposed to elevated temperature conditions the tensile strength of composites decrease with 
increasing temperature. The degradation of properties is largely due to thermal softening, creep and 
decomposition of the polymer matrix, and weakening of the fibre reinforcement. The typical 
relationship of the polymer matrix tensile strength with temperature is shown in Figure 2-24. Once a 
critical softening temperature, 𝑇𝑐𝑟 is reached, the reduction in strength is characterised by a rapid 
decrease due to thermal softening until a quasi-steady state minimum is reached, 𝜎𝑚(𝑅). The 
strength will gradually reduce after the minimum due to further visco-plastic softening and pyrolysis. 
28 
 
 
Figure 2-24: Typical relationship between temperature and tensile strength for a thermoset polymer [59]. 
 
The effect of elevated temperature on the tensile strength of a laminate was analysed by Feih et al. 
[59]. The tensile strength was modelled using a modified version of the rule-of-mixtures equation for 
laminates: 
𝜎(𝑇, 𝑡) = Φ𝐿𝑇𝑉𝑓𝜎𝑓𝑏(𝑇, 𝑡) + (1 − 𝑉𝑓)𝜎𝑚(𝑇) (2-11) 
Where 𝜎𝑓𝑏 and 𝜎𝑚 are the fibre bundle and matrix strength, respectively. 𝑉𝑓 is the fibre volume 
fraction, and Φ𝐿𝑇 is the load transfer factor to account for changes in load transfer efficiency 
between fibres. The reduction in strength of the fibres was calculated using the empirical equation: 
𝜎𝑓𝑏(𝑇, 𝑡) = 𝜎𝑓𝑏(0) − 𝜎𝑙𝑜𝑠𝑠(𝑇)𝑡𝑎𝑛ℎ⌊𝑘𝑓𝑏(𝑇)𝑡⌋ (2-12) 
Where 𝜎𝑓𝑏(0) is the room temperature tensile strength. 𝜎𝑙𝑜𝑠𝑠(𝑇) is the steady-state fibre bundle 
strength at a given temperature. 𝑘𝑓𝑏(𝑇) is the rate of strength loss as a function of temperature. The 
reduction in strength of the polymer matrix was calculated using the relationship by Gibson et al. 
[64], Eqn 2-10. Figure 2-25 shows the effect of increasing temperature on the tensile strength of a 
glass/vinyl ester laminate. 
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Figure 2-25: Effect of temperature on the tensile strength of a laminate [59]. 
 
The elevated temperature compression strength of a composite is largely dominated by the elevated 
temperature properties of the matrix. Gibson et al. [64] investigated the effect of elevated 
temperature on the compression strength of a glass/polyester composite. The relationship between 
temperature and compression strength of the composite is shown in Figure 2-26. The curve is 
modelled using eqn 2-10, and shows the same trend as that of a neat thermoset polymer exposed to 
elevate temperatures. 
 
Figure 2-26: Effect of increasing temperature on the tensile and compressive strengths of a glass/polyester laminate [64]. 
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2.3.2 Thermal Response and Damage of Composites in Fire 
A large amount of published information exists for the thermal response, damage and structural 
integrity of composite materials in fire [7, 8, 33, 43-46, 49, 50, 57, 58, 61-63, 67, 69-74, 78-80, 83, 
90-96, 100-102, 108, 109, 113-134]. There also exists a large database on time-to-ignition, heat 
release rate, limiting oxygen index, flame spread, smoke density, and smoke toxicity properties of 
composites [8, 93, 113, 132, 135, 136]. 
Thermal Response 
The effect of a one-sided fire on the thermal response of composite materials has been extensively 
studied. Pioneering models for the thermal response of composites in fire were developed by 
Henderson and colleagues [61, 71, 72, 100], Sullivan and Salamon [94-96], Springer and colleagues 
[81, 82], Dimitrienko [49, 50], and Gibson et al. [68], and were adapted from original models 
predicting the thermal response of wood in fire. The most common thermal model used for the 
calculation of the through-thickness temperature distribution in composite laminates was developed 
by Henderson et al. [71]. The model is only applicable to laminates containing thermally inert fibres 
(eg. glass fibres), and accounts for through-thickness heat conduction, variable thermal conductivity 
in the through-thickness direction, convection of decomposition gasses through the composite, and 
decomposition of the polymer matrix. The one-dimensional expression for the model is given as: 
𝜌𝐶𝑃
𝜕𝑇
𝜕𝑡
= 𝑘
𝜕2𝑇
𝜕𝑥2
+
𝜕𝑘
𝜕𝑥
𝜕𝑇
𝜕𝑥
− ?̇?𝑔𝐶𝑃𝑔
𝜕𝑇
𝜕𝑥
−
𝜕𝜌
𝜕𝑡
(𝑄𝑖 + ℎ − ℎ𝑔) (2-13) 
The parameters 𝑇, 𝑡 and 𝑥 are the temperature, time and distance from the heated surface, 
respectively. 𝜌, 𝐶𝑝 and 𝑘 are the density, specific heat capacity and thermal conductivity of the 
laminate. 𝑄 is the decomposition energy of the polymer matrix, ℎ and ℎ𝑔 are the laminate and 
decomposition gas enthalpies, and ?̇?𝑔 and 𝐶𝑃𝑔 are the mass flux and specific heat capacity of 
volatiles, respectively. Henderson et al. [71] validated the model using a glass/phenolic composite 
exposed to a heat flux of 280 kW/m2. Good agreement was found between the experimental and 
modelling results (Figure 2-27). Any variation between the experimental and predicted temperatures 
was attributed by Henderson and colleagues to the absence of physical and chemical processes in 
the model, such as thermochemical expansion and char-decomposition gas heat transfer.  
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Figure 2-27:  Comparison of experimental and calculated temperature profiles through-the-thickness for a glass-phenolic 
composite exposed to a heat flux of 280 kW/m2  [71]. 
 
The model by Henderson et al. [71] was modified by Gibson et al. [68] for glass fibre composites by 
assuming the fibres are inert and including the decomposition reaction rate of the polymer matrix. 
The modified expression is given by: 
𝐶𝑃
𝜕𝑇
𝜕𝑡
=
𝜕
𝜕𝑥
(𝑘
𝜕𝑇
𝜕𝑥
) − ?̇?𝑔
𝜕
𝜕𝑥
ℎ𝑔 − 𝜌𝐴 [
(𝑚 − 𝑚𝑓)
𝑚0
]
𝑛
𝑒−
𝐸
𝑅𝑇(𝑄𝑃 + ℎ − ℎ𝑔) (2-14) 
The model has been extensively validated, one such case is given by Feih et al. [59] who conducted 
an investigation for various heat flux levels. Figure 2-28 compares the experimental and theoretical 
temperature-time profiles of a laminate exposed to 10, 25, 50, and 75 kW/m2 heat flux levels. 
Dashed lines represent experimental values and the solid lines are the predicted temperatures. The 
front face temperature was found to be dominated by the radiant heat flux level. As expected, 
increasing heat flux level increased the maximum temperature and heating rate. High heat flux 
levels caused temperatures high enough to cause resin decomposition and flaming combustion. 
Overall the thermal model was able to predict the temperature-time behaviour of the laminates. 
However, the model does not account for flaming combustion of volatile decomposition gases which 
occurs at high heat flux levels. In these conditions the thermal model under-predicts the laminate 
temperature.  
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Figure 2-28: Through-thickness temperature-time profiles of the glass fibre-vinyl ester laminate exposed to heat flux levels 
of a) 10, b) 25, c) 50 and d) 75 kW/m2 [59]. 
 
An investigation by Florio et al. [61] considered the effect of thermal expansion and internal 
pressure on the internal temperature of composite materials. The model assumes that the 
decomposition gases behave ideally and are inert, and the specific internal energy of the laminate is 
equivalent to its specific enthalpy. The model is expressed as: 
𝑚𝑔𝐶𝑝𝑔
𝜕𝑇
𝜕𝑡
= ?̇?𝑔
" ∆𝐴∆𝑥𝐶𝑝𝑔
𝜕𝑇
𝜕𝑥
+ ∆𝐴∆𝑥
𝜕
𝜕𝑥
(𝑘𝑔Φ
𝜕𝑇
𝜕𝑥
) + ℎ𝑟∆𝐴∆𝑥(𝑇𝑠 − 𝑇) + ∆𝐴∆𝑥
𝐷(Φ𝑃)
𝐷𝑡
−
𝜕𝑚𝑠
𝜕𝑡
[−ℎ𝑔 + ℎ𝑔(𝑇𝑠) + 𝜐
2 2⁄ ] 
(2-15) 
Where Δ𝐴 is the cross-sectional area, Δ𝑥 is the thermal expansion of the control system, Φ is 
porosity, 𝜐 is the gas velocity and 𝑃 is the internal gas pressure. The model was validated for a 
glass/phenolic composite exposed to a heat flux of 280 kW/m2. The model could predict the 
composite temperature, mass loss, volumetric expansion and porosity as well as the gas 
temperature, pressure, mass flux and storage. It was also found that the effects of thermal 
expansion and internal pressure on the internal composite pressure are negligible. 
Anjang et al. [41] used a modified version of a thermal model developed by Gibson et al. [68] to 
predict the through-thickness temperature-time profile of a glass fibre-vinyl ester sandwich 
composite exposed to various heat fluxes. The calculated (solid curves) and experimentally 
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determined temperature-time profiles for a sandwich composite exposed to 25, 35 and 50 kW/m2 
one-sided fire-like conditions are shown in Figure 2-29. Good agreement was achieved between the 
model and experimental results. When exposed to a 50 kW/m2 heat flux, the sandwich composites 
ignited causing flaming combustion of decomposition gases; a phenomenon which previous 
composite thermal models do not account. Anjang et al. modified the thermal model to increase the 
applied heat flux at the onset of flaming combustion. As can be seen by the temperature-time profile 
for the sandwich composite exposed to a 50 kW/m2 heat flux, the modified thermal model continues 
to predict well the thermal response after the onset of ignition. 
 
  
 
Figure 2-29: Temperature-time profiles of a glass-balsa wood sandwich composite for heat flux levels of  a) 25, b) 35 and c) 
50 kW/m2 [41]. 
 
Fire-Induced Deformation and Distortion 
The typical axial and out-of-plane displacement response of a laminate exposed to a one-sided heat 
flux in an unloaded condition is shown in Figure 2-30. The laminate axially deforms due to thermal 
expansion and thermal moments. The rate of axial expansion decreases with increasing heating time 
as the laminate reaches thermal equilibrium. Increasing the applied heat flux level (fire intensity) 
increases both the initial rate of expansion and the maximum expansion displacement. One-sided 
heating of the laminate induces a temperature difference between the heat exposed and unheated 
surfaces of the laminate. As a result there exists a difference in thermally-induced strains between 
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the two surfaces; with higher thermal strains towards the heat exposed surface. This results in a 
bending moment causing the specimen to bend towards the heat source [55, 111, 112]. Continued 
exposure to the heat flux results in a decrease in the temperature difference between the front and 
back surfaces as well as thermal softening and decomposition of the polymer matrix resulting in the 
laminate bending away from the fire. 
 
 
Figure 2-30: Effect of exposure to a one-sided heat flux on a) axial displacement and b) out-of-plane displacement for a 
glass fibre-vinyl ester laminate [55]. 
 
The typical effect of compression load on the displacement-time response of a laminate is shown in 
Figure 2-31. The displacement-time response is shown for several compression loads (no load, 20% 
and 60% of the room temperature buckling). Compression loading subdues the axial thermal 
expansion of the laminate, with increasing applied compression load resulting in reduced axial 
thermal expansion. The out-of-plane displacement behaviour however is exaggerated by 
compression loading. The larger initial displacement towards the heat source is due to the increased 
applied load, while the secondary displacement away from the heating source was due eccentric 
loading caused by a shift in neutral axis towards the cold surface resulting from a loss in stiffness in 
the heat affected plies [112]. Increasing the compression load causes greater out-of-plane 
displacement due to higher induced bending moments. 
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Figure 2-31: Effect of combined compression load and exposure to a 50 kW/m2 heat flux on a) axial displacement and b) 
out-of-plane displacement of a glass fibre-vinyl ester laminate [55]. 
 
When subject to tension load and one-sided fire conditions composite laminates typically extend 
axially in two stages. The behaviour of a glass and a basalt fibre-vinyl ester laminate subject to one-
sided heating and tension loads is shown in Figure 2-32. The initial axial displacement of the 
laminates is attributed to thermal expansion of the composite, thermal softening of the polymer 
matrix and if present, straightening of the woven fibre reinforcement. The secondary stage of axial 
displacement (a region of increasing rate of expansion) is due to progressive failure of the fibre 
reinforcement caused by thermal weakening [41, 46, 57, 59, 137].  
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Figure 2-32: Effect of combined tension load and exposure to a 50 kW/m2 heat flux on axial displacement of a glass and 
basalt fibre laminates [115]. 
 
Thermally Induced Damage 
The response of composite materials to fire is complex and is subject to many factors including fire 
intensity, oxygen availability, the type and thermal properties of the composite constituents, and the 
relative fractions of each constituent. Damage to composites due to exposure to fire can include 
pore formation, matrix cracking, delamination, fibre-matrix debonding, softening and decomposition 
of the polymer matrix, and thermal softening or decomposition of the inorganic or organic fibre 
reinforcement [7, 63]. When exposed to fire the front surface of the composite rapidly increases in 
temperature. The heat from the exposed surface is conducted through-the-thickness of the 
composite causing a non-symmetric thermal gradient and thus a non-symmetric progression of 
deformation, strains and damage through-the-thickness; the rate of heat conduction is dependent 
on the fire intensity and material diffusivity. The damage in the through-thickness direction typically 
follows the order with increasing temperature: matrix softening, matrix cracking, fibre-matrix 
debonding, delamination, decomposition and char formation, release of volatile gases and smoke, 
and char oxidisation. Shown in Figure 2-33 are typical examples of the fire-induced damage in a 
laminate. Due to the decreasing temperature gradient from the heat exposed surface to the 
unexposed surface, the degree of thermally-induced damage decreases towards the unexposed 
surface. 
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Figure 2-33: Various types of damage in a laminated composite due to exposure to a one-sided fire [7, 88]. 
 
Decomposition of the composite can occur when the fire intensity is high enough. The general 
process for decomposition is shown in Figure 2-34. When the laminate temperature is increased 
above a critical temperature, pyrolysis of the polymer matrix and if present organic fibre 
reinforcement will initiate. As a result of the pyrolysis process, decomposition gases and smoke are 
out-gassed from the decomposition region of the laminate towards the fire exposed surface. If the 
pyrolysis by-products are flammable and the oxygen content in the atmosphere is sufficient (>10-
12%) then flaming combustion can occur. Typically the pyrolysis by-products are low molecular 
weight hydrocarbons which require oxygen to ignite and burn. If these reactions are exothermic 
then the heat released can aid further decomposition, increasing the flame temperature. The 
damage and decomposition processes described are essentially the same for sandwich composite 
materials. However, sandwich composites have the addition of damage of the core material and the 
skin-core interfaces. This will occur via decomposition or melting depending on the type of core 
used. 
The decomposition of a polymer matrix was investigated by Gibson et al. [63]. A model was 
developed to determine the mass loss of the polymer using the Arrhenius equation. The model 
analyses the formation and growth of char and was validated experimentally using glass/polyester 
laminates, Figure 2-35.  The experimental and analytical investigation revealed char formation 
occurs when the polymer matrix mass fraction reduces to approximately 0.8. 
1. Matrix 
cracking, and 
debonding
2. Delamination
3. Decomposition and 
release of volatiles
4. Char formation
5. Char oxidisation
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Figure 2-34: Typical combustion cycle of a laminate composite due to exposure to fire [7]. 
 
 
Figure 2-35: Effect of increasing heat exposure time on char thickness of a glass/polyester laminate exposed to a heat flux 
of 50 kW/m2 [63]. 
 
2.3.3 Structural Integrity of Composites in Fire 
Extensive characterisation of the behaviour of composite materials in fire has been conducted. 
However, much of this research has focused on the fire reaction properties and potential health 
hazard. Recent years has seen an increasing amount of research focusing on understanding the 
damage and structural integrity of composite materials in fire. In addition, many empirical, analytical 
and numerical models to predict the structural response and failure of composite structures under 
combined fire conditions and external loading have been developed [41, 47, 55, 59, 64, 65, 68, 72, 
74, 76, 79, 84, 85, 87, 94, 96, 97, 112, 115, 116, 124, 134, 137, 138]. 
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Tension Loading 
Elmughrabi et al. [118] investigated the effect of applied stress on the fire performance of glass fibre 
laminates subject to tension and compression loads. The laminates comprised of vinyl ester or 
polyester resin. The heat release rate, time-to-ignition, smoke evolution and time-to-failure were all 
found to be stress dependent. The experimental results for the vinyl ester and polyester resin 
composites are shown in Figure 2-36. Increasing applied tension load increased the peak heat 
release rate and smoke production rate and decreased the time-to-ignition and time-to-failure. The 
opposite occurred for compression load conditions. The stress affect was attributed to the tendency 
for tension loads to form open cracks and for compression loads to close cracks.  
 
a) 
 
b) 
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c) 
 
d) 
 
 
Figure 2-36:  Effect of applied load on a) heat release rate, b) time-to-ignition, c) time-to-failure for tension loading, and d) 
time-to-failure for compression loading of a glass-vinyl ester composite subject to a heat flux of 75 kW/m2 
[118]. 
 
Laminate analysis was used by Gibson et al. [64] to model the fire structural response of glass fibre-
polyester laminates subject to tension loading. The model was validated using fire-under-load tests 
for various applied load levels and a one-sided heat flux of 75 kW/m2. It was postulated that fibre 
dominated tensile failure of composites in fire is not significantly affected by resin decomposition. As 
a result the agreement with experimental results was poor (see lower curve in Figure 2-37); this was 
attributed to the non-linearity of the tensile stress-strain behaviour between plies, which was not 
accounted for by the model. To approximate the load-sharing between plies the average strength 
across the laminate was used, which significantly improved the predicted failure curve, Figure 2-37. 
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Figure 2-37:  Comparison of the theoretical and experimental time-to-failure for a glass-polyester composite subject to fire 
exposure [64]. 
 
Mouritz et al. [5] investigated the effect of heat and one-sided fire on the mechanical properties and 
failure of composite materials. A laminate model based on laminate matrix analysis was used to 
calculate the stiffness and strength of each ply layer in the laminate at the calculated ply 
temperature [64]. Based on the temperature profile calculated from the thermal analysis, the 
transformed stiffness matrix, ?̅?, of each ply was calculated. The applied loads can then be related to 
the resulting mid-plane strains and curvatures through the extensional, coupling and bending 
stiffness matrices (A, B, and D calculated using Q) as follows:  
[
𝜀0
0
] = [𝑨
′ 𝑩′
𝑩′ 𝑫′
] [
𝑵
𝑴
] (2-16) 
where the applied loads 𝑵 and 𝑴 comprise of the summation of the mechanical (𝑵𝑀 and 𝑴𝑀) and 
thermal loads (𝑵𝑇 and 𝑴𝑇). The thermal loads are calculated as follows: 
𝑵𝑇 = ∫ 𝑸(𝑇)𝛼(𝑇)∆𝑇
+𝑥 2⁄
−𝑥 2⁄
𝑑𝑥  𝑤𝑖𝑡ℎ 𝛼(𝑇) = (
𝛼11(𝑇)
𝛼22(𝑇)
0
) (2-17) 
𝑴𝑇 = ∫ 𝑸(𝑇)𝛼(𝑇)∆𝑇
+𝑥 2⁄
−𝑥 2⁄
𝑑𝑥 (2-18) 
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The model was experimentally validated by Gibson and colleagues using direct flame impingement 
tests with glass/polyester laminates. The flame impingement tests involved heating using the gas 
flame from a calibrated propane burner on one-surface of a statically loaded laminate specimen. The 
laminate model was validated under tensile load cases by comparing the time-to-failure results for a 
glass/polyester laminate. Comparisons of the experimental and predicted time-to-failures are shown 
in Figure 2-38, and good agreement was found. However, it was noted that more experimental data 
is needed to rigorously assess the accuracy of the laminate model for tension load conditions. 
 
Figure 2-38: Comparison of calculated and measured time-to-failure for glass/polyester under tensile loads using the 
laminate model [5]. 
 
In a study conducted by Feih et al. [54], the time-to-failure of a glass fibre polymer laminate loaded 
in tension was predicted. The thermal-mechanical model used a thermal model presented by Gibson 
et al. [68], and a mechanical model developed by Mouritz and Mathys [88]. The thermal component 
of the model encompasses the effects of heat conduction, decomposition of the polymer matrix, and 
volatile out-gassing when the laminate is exposed to one-sided heating. It is assumed that the glass 
fibres remain inert during the thermal analysis and do not contribute to the overall mass loss of the 
composite. It was also assumed that the applied stress does not affect the temperature of the 
laminate. The tensile failure analysis of the laminate was based on a rule-of-mixtures model 
originally developed to predict the residual tensile strength of polymer laminates post-fire exposure. 
The laminate is modelled as a material comprised of a ‘char layer’ and a ‘virgin layer’. The equation 
for calculating the residual tensile strength is given as: 
𝜎𝑡 = (
𝑥0 − 𝑥𝑐
𝑥0
) ∙ 𝜎𝑡(0) + (
𝑥𝑐
𝑥0
) ∙ 𝜎𝑡(𝑐) (2-19) 
The thermal-mechanical model was validated via experimental testing using a woven glass fibre-vinyl 
ester laminate [54]. It was assumed that the char layer had negligible residual strength. The 
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predicted and experimental time-to-failures for tension loads are compared in Figure 2-39; and good 
agreement was found. The time-to-failure for the tension loaded specimens were found to vary with 
applied load and heat flux. The tensile failure was caused by thermal softening of the matrix and 
fibres, with the matrix softening occurring at much lower temperature than the glass fibres. 
 
Figure 2-39: Comparison of the measured and calculated time-to-failures for the laminate under tension loading. 
Experimental and calculated results are shown by data points and solid lines, respectively [54]. 
 
Anjang et al. [41] extended upon a model developed by Feih et al. [53] to investigate the 
performance of glass fibre-vinyl ester balsa wood core sandwich composites subject to tension loads 
and one-sided fire conditions. While the thermal model remained unchanged, the mechanical model 
was adapted to predict the failure of sandwich composites subject to tension load conditions. 
Furthermore, the model now assesses the failure stress of the sandwich composite based on the 
residual strengths of the laminate skins and core. The mechanical model assumes the skins and core 
are equally strained and the corresponding tensile stress is related to the Young’s modulus as 
follows: 
𝜎𝑖 =
𝐸𝑖𝐹
𝐴𝑠(𝐸𝑠1 + 𝐸𝑠2) + 𝐴𝑐𝐸𝑐
 (2-20) 
where the subscripts 𝑠1, 𝑠2 and 𝑐 denote the heat exposed skin, unheated skin and core 
respectively. The change in strength of the laminate skins due to fire exposure is calculated using the 
same method as in [53]. While the change in strength of the balsa-wood core is calculated via: 
𝜎𝑐(𝑇) = 𝜎𝑐0 − (ϕ𝜎 . 𝑇) 𝑓𝑜𝑟 𝑇 < 280℃ (2-21) 
where 𝜎𝑐0 is the room temperature core strength, and 𝜙𝜎 is the linear strength loss rate prior to 
decomposition. It is assumed that the balsa strength is negligible post-decomposition (>280°C). 
Figure 2-40 compares the experimental and calculated time-to-failure of the sandwich composite for 
three heat flux levels. Good agreement between the model and experimental results were found, 
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with the model accurately showing the expected trend of increasing time-to-failure with decreasing 
applied load or heat flux level. Furthermore the model predicted the change in failure mode when 
the applied load decreased below 50% of the room temperature ultimate strength. 
  
 
Figure 2-40: Failure curves for the sandwich composite exposed to a heat flux level of a) 25, b) 35 and c) 50 kW/m2. 
Experimental and calculated results are shown by data points and solid lines, respectively [41]. 
 
Compression Loading 
Both experimental and modelling investigations have been undertaken to understand and predict 
the failure of composites under combined compression loading and one-sided heating. Experimental 
investigations typically subject a composite sample to heating representative of a fire while 
simultaneously applying a static compression load. Modelling investigations use a thermal analysis to 
predict the through-thickness temperature distribution and a mechanical model to predict the 
change in compressive properties. 
Feih et al. [55] investigated the fire response behaviour of composite materials subject to 
compression loading. A thermal-mechanical model was developed to calculate the time-to-failure of 
glass fibre reinforced polymer laminates loaded in compression in fire. The model uses the same 
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thermal component presented in [59]. The semi-empirical equation governing the mechanical 
component of the model for compressive loads is defined by: 
𝜎𝑐(𝑇) = (
𝜎𝑐(0) + 𝜎𝑐(𝑅)
2
−
𝜎𝑐(0) − 𝜎𝑐(𝑅)
2
tanh(𝜑(𝑇 − 𝑇𝑘)))𝑅𝑟𝑐(𝑇)
𝑛 (2-22) 
where 𝜎𝑐(0) is the room temperature strength, 𝜎𝑐(𝑅) is the minimum strength of the laminate, 𝑇𝑘 is 
the mechanical glass transition temperature, and 𝜑 is a material constant. 𝑅𝑟𝑐(𝑇) is a scaling 
function to account for mass loss during decomposition of the polymer matrix, and 𝑛 is an empirical 
exponent. The mechanical model encompasses the effects of resin softening and decomposition. It is 
assumed that the minimum strength of the laminate remains constant with increasing temperature, 
and the decomposition of the resin reduces the composite strength. The effect of creep softening on 
the matrix was not considered. The model was validated via experimental testing using woven glass 
fibre-vinyl ester laminates. The effect of heat flux on the time-to-failure of the laminate under 
compression loads is shown in Figure 2-41. The predicted time-to-failures are denoted by the solid 
curves and the experimental results are shown by the data points. The time-to-failures increase with 
decreasing load and heat flux; for the lowest load and lowest heat flux conditions the laminate was 
found to have an infinite survival time. The agreement between predicted and experimental results 
for all heat fluxes, with the exception of the 25kW/m2 test case was reasonable. Scatter in the 
experimental data was noted as a possible cause of discrepancy between the predicted and 
experimental results. 
 
Figure 2-41: Measured and predicted time-to-failures for the laminate tested at different heat flux values and compression 
loads [55]. 
 
Another thermo-structural model to predict the compression failure of laminates subject to one-
sided fire conditions was developed by Summers et al. [99]. The model consists of a one-dimensional 
pyrolysis model to predict the thermal response of a decomposing material and an integral 
structural model based on the bending equation. The thermal model is that derived by Henderson et 
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al. [71] and is given in Eqn 2-13. The structural model by Summers et al. [99] assumes the laminate 
can be modelled as a homogeneous material with a beam-like structural response. The beam-like 
response is postulated to result from non-uniformly reduced mechanical properties through-the-
thickness causing a shift in the neutral axis and moments at the specimen ends, and non-uniform 
thermal expansion. The governing equation (shown below) for the structural response was derived 
by performing a moment balance about the specimen origin. The relationship for the mechanical 
properties as a function of temperature and decomposition state is the same as that used by [55], 
and is expressed as: 
(𝐸𝐼)𝑒𝑞
𝑑20(𝑥)
𝑑𝑥2
+ 𝑃0(𝑥) = (𝑀𝑥0
𝑇 + 𝑃𝑒0) (
8 − 8𝐾
𝐿2
𝑥 −
4 − 4𝐾
𝐿
) (2-23) 
The thermo-structural model was experimentally verified using E-glass/vinyl ester laminates. 
Specimens of intermediate scale (737 mm in length and 203 mm wide) were chosen as thermal 
moments have a greater influence on structural response for longer specimens. Experimental tests 
conducted at varying compression loads and heat flux values indicated the models ability to predict 
the structural behaviour and failure direction of the laminate. Figure 2-42 (left) shows a comparison 
of experimental and predicted results for a test with 50% buckling load and 5 kW/m2 heat flux. The 
experimental and predicted time-to-failures are compared in Figure 2-42 (right). The predicted time-
to-failures were within a standard deviation of 28%, which was found to be comparable to the 24% 
repeatability of experimental time-to-failures. 
  
Figure 2-42: Comparison of experimental and simulated results for mid-height out-of-plane deflection (left), and times-to-
failure (right) [99]. 
 
Feih et al. [53] investigated the load-bearing performance of glass fibre-vinyl ester balsa wood core 
sandwich composites subject to compression loads and one-sided fire conditions. The experimental 
investigation was used to validate a model to predict the time-to-failure of the sandwich composite 
in loaded fire conditions. The model comprised of a thermal and mechanical component. The 
thermal component follows that of earlier works [54, 55, 59]. The mechanical model makes three 
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key assumptions about the response of a sandwich composite material under compression load and 
fire conditions. Firstly, the two skins are equally stressed and this is not affected by the through-
thickness temperature gradient. Secondly, failure of the sandwich composite occurs first in the heat 
exposed skin. Thirdly, the compressive strength of the core is negligible compared to the strength of 
the skins. The compressive strength of the sandwich composite in fire is determined by calculating 
the residual strength of the heat exposed skin using the semi-empirical equation for compressive 
strength of a laminate discussed earlier: 
𝜎𝑐(𝑇) = (
𝜎𝑐(0) + 𝜎𝑐(𝑅)
2
−
𝜎𝑐(0) − 𝜎𝑐(𝑅)
2
tanh(𝜑(𝑇 − 𝑇𝑘)))𝑅𝑟𝑐(𝑇)
𝑛 (2-24) 
Shown in Figure 2-43 is the comparison of experimental and predicted values for the time-to-failure 
for compression loaded glass/vinyl ester sandwich composite exposed to different heat fluxes. While 
the trend is well modelled, there is significant error between experimental and predicted values 
(particularly for low heat flux conditions).  It was noted during fire-under-load testing that the 
applied compression load affects the failure mode. For high applied loads (>50%) the sandwich 
composite catastrophically failed at the front and back skins and core at the same time. When the 
applied load was low (<50%) failure was progressive micro-buckling of the front skin followed by a 
delayed failure of the back skin due to global buckling, both of which are not accounted for by the 
model. 
 
  
Figure 2-43: Failure curves for the sandwich composite with a) thin skins and b) thick skins. Solid curves and dots are 
predicted and experimental results, respectively [53]. 
 
Liu et al. [111] analysed the out-of-plane deflection of composite laminates exposed to one-sided 
heating and compression loading. The deflection of the column was found to depend on the applied 
heat flux and compression load. The composite was found to behave like an ‘imperfect’ column, with 
deformation being strongly dependent on the combined effects of the thermal and eccentric 
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moments. The deflection due to thermal moment was found to depend on the temperature and 
material properties, with low temperatures causing the laminates to bend away from the heat 
source and high temperatures towards the heat source. On the other hand, deflection due to 
eccentric moments was dependent on the thermal degradation of the material properties on the 
heat exposed surface. The degradation causes the neutral axis of the laminate column to shift away 
from centroid (away from the heat source) resulting in a bending moment deflecting the column 
away from the heat source. 
Boyd et al. [48] extended a model originally developed by Buasano et al. [45] to include the effects 
of matrix viscoelasticity and in-plane relaxation modulus in addition to progressive thermal softening 
for the prediction of compression loaded composites subject to one-sided heating. The temperature-
time dependent compression model is expressed as: 
𝜎𝐶 = 𝐺12(𝑡, 𝑇, 𝜏12) [1 + 𝑛 (
3
7
)
1
𝑛
(
?̅? 𝛾𝑌⁄ (𝑇)
𝑛 − 1
)
𝑛−1
𝑛
]
−1
 (2-25) 
where 𝐺12 is the in-plane shear relaxation modulus, which is dependent on the shear stress (𝜏). 𝑛 
and ?̅? 𝛾𝑌⁄  are the strain hardening parameter and fibre imperfection ratio, respectively. The model 
was validated using glass/vinyl ester laminates and low heat flux (≤20 kW/m2) testing. Analysis 
revealed that viscoelasticity controlled failure in the vicinity of the glass transition temperature, 
while at higher temperatures thermal softening controlled failure. Comparison of predicted and 
experimental results was good (Figure 2-44). 
A finite element model was developed by Luo et al. [127] for the prediction of deformation and 
failure of sandwich composite materials subject to one-sided fire conditions and compression load. 
Good prediction of the thermal response of the sandwich composite is achieved despite the model 
not accounting for the effect of delamination of individual plies on the heat conduction and gas flow 
through-the-thickness of the laminate skins. However, the delamination between the entire skin 
(heat exposed or unexposed) and core is captured by the model and is reported to show good 
agreement with experimental results. The model is validated using experimental data from [53] 
(Figure 2-45). It is noted that the main failure mechanism is not captured by the model (plastic 
kinking and microbuckling of the skin); however delamination occurs directly after the main failure 
mechanism leading to reasonable agreement in terms of time-to-failure. 
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Figure 2-44: Comparison of experimental and predicted creep rupture life of a glass-vinyl ester laminate for various heat 
fluxes and compression load [48]. 
 
 
Figure 2-45:  Comparison of experimental and theoretical time-to-failure of a glass-vinyl ester sandwich composite subject 
to compression load and heating by a 50 kW/m2 heat flux [127]. 
 
2.4 Conclusion 
Until recently the fire structural performance of aluminium and composite structures has been 
determined using experimental testing of specific structures or components. While this method is 
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effective in determining the mechanical response of structures under fire loaded conditions, the 
financial and time cost of conducting such experiments is considerable. It is therefore desirable that 
the fire response of a structure can be determined from simulations. 
To accurately predict fire response of structures it is necessary to have a detailed understanding of 
what failure modes occur at room and elevated temperatures and how heat flux and geometric 
parameters affect the fire structural survivability of composite and aluminium alloys. A review of 
literature reveals research detailing the mechanical response of composite and aluminium alloys 
under tension or compression loading and subjected to fire conditions, i.e. one-sided transient 
heating. While a substantial amount of this research is focused on the fire behaviour of specific 
geometries under fire conditions, recent research exists detailing the development of analytical and 
numerical models to predict the response of composite and aluminium alloys subjected to load and 
one-sided heating. 
The current research has provided a strong scientific foundation to assess the fire survivability of 
simple composite and aluminium structures. However, research work performed thus far has been 
confined to basic flat plates exposed to one-dimensional tension or compression loads. Most 
engineering structures are comprised of various geometric and physical conditions. It is therefore 
questionable whether the current state-of-the-art in the predictive analysis has advanced to the 
level of sophistication needed to analyse the fire performance of structures with more complex 
geometric architecture. 
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Chapter 3 - Effect of Fibre Orientation on the Fire Response of 
Composite Laminates Under Tensile Loading 
Abstract 
An experimental and analytical investigation was conducted to determine the effect of fibre 
orientation on the deformation, time-to-failure and failure mode of glass fibre reinforced laminates 
loaded in tension and subject to one-sided fire conditions. Unidirectional E-glass/vinyl ester 
laminates were manufactured with fibre orientations ranging between 0° and 65° relative to the 
tensile loading direction. Both the thermal and mechanical responses of the laminates when 
exposed to one-sided fire conditions were found to be strongly influenced by the fibre orientation 
angle and the magnitude of the applied tensile load. The fibre orientation angle influenced the 
delamination and deformation behaviour which in turn affected the through-thickness heat flow and 
temperature of the laminate. The failure mode was also found to depend on fibre orientation and 
the magnitude of the applied load. Increasing the fibre orientation angle led to increased matrix-
dominated failure modes, and decreasing the applied load resulted in a change of failure mode for 
off-axis fibre orientations. The time-to-failure of the laminate decreased rapidly with increasing fibre 
orientation angle due to increasing dominance of the polymer matrix properties which soften at 
lower temperatures than the glass fibres. A thermal-mechanical model is used to calculate the 
change in tensile modulus and failure stress at different fibre orientation angles. The model accuracy 
was compared against experimental data for validation. Time-to-failure of the laminates was 
predicted with good accuracy for on-axis (<5°) and obtuse angled laminates (>15°), however for 
acute angled laminates (5°<𝜑<15°) the agreement was poor due to a mixed failure mode not 
analysed by the model.  
3.1 Introduction 
Perfect alignment of the fibre reinforcement in composite materials is difficult to achieve with many 
non-automated manufacturing processes. Fibre misalignment or distortion of structural fabrics can 
occur when they are incorrectly or recklessly handled. Fibre orientation is well known to affect the 
mechanical properties of composite materials. Laminates are often comprised of many plies at a 
variety of fibre orientations and may be subject to multi-axial or off-axis load conditions. Given the 
increased use of composite materials for structural components in environments where fire is a risk, 
it is paramount to understand the effect of fibre orientation on fire structural performance. 
To date, research has been conducted using load-bearing laminates and sandwich composites to 
quantify and assess their structural behaviour when simultaneously subject to an applied stress and 
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fire conditions, as extensively reported in Chapter 2. Many empirical and analytical models for 
predicting the behaviour of composites in fire have been formulated [41, 47, 53, 55, 59, 63, 64, 71, 
75, 79, 84, 139]. Research has revealed that the behaviour and failure mode of a composite 
structure depends on both external and internal factors, such as the magnitude of applied load, fire 
intensity, fibre type and matrix type. Research into the fire performance of sandwich composite 
structures have shown that ply orientation of the face skin laminates plays an important role in 
determining the deformation rate and failure mode [42]. Aslina et al. [42] found small misalignments 
in fibre orientation in the face skins can cause large reductions to the tensile properties due to 
increased dominance of the matrix properties. It was also revealed that the fire structural 
performance of sandwich composites rapidly deteriorates with increasing fibre orientation angle due 
to increasing dominance of matrix softening. Although the effect of fibre orientation on the fire 
structural behaviour of woven sandwich composites has been studied to a limited extent, the effect 
has not been investigated for laminated composites. 
This chapter presents analytical and experimental research into the effect of fibre orientation on the 
survivability and failure of tensile loaded laminates exposed to fire conditions. Experimental tests 
conducted on unidirectional glass fibre-vinyl ester laminates with different fibre angles are used to 
validate an analytical model for predicting the time-to-failure of composite materials subject to one-
sided fire conditions. 
3.2 Thermal-Mechanical Modelling of Unidirectional Laminates in Fire 
3.2.1 Room Temperature Analysis of Glass Fibre Laminates with Off-Axis Fibres 
A mechanics of materials approach and the maximum stress failure theory are used here to predict 
the room temperature tensile modulus and failure strength of laminate materials subject to off-axis 
loading (𝜑). A schematic of the loading condition is shown in Figure 3-1, where 𝜑 defines the angle 
between the fibre and tensile loading directions. 
  
Figure 3-1: Schematic of the off-axis tension test on a unidirectional laminate. 
Laminate 
Tension load 
x 
y 
z 
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Tensile Modulus Model 
The effect of fibre orientation on the elastic properties (including Young’s modulus) of a 
unidirectional continuous fibre laminate is modelled using: 
[
𝜀𝑥
𝜀𝑦
𝛾𝑥𝑦
] =
[
 
 
 
 
 
 
1
𝐸𝑥
−
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[
𝜎𝑥
𝜎𝑦
𝜏𝑥𝑦
] (3-1) 
where 𝐸𝑥, 𝐸𝑦, 𝐺𝑥𝑦 and 𝜈𝑥𝑦 are the axial modulus, transverse modulus, shear modulus and Poisson’s 
ratio respectively. 𝑚𝑥 and 𝑚𝑦 are the shear coupling terms relating normal stress in the 𝑥-direction 
to shear strain (𝛾𝑥𝑦) and normal stress in the 𝑦-direction to shear strain (𝛾𝑦𝑥). 𝐸1 is the modulus in 
the local 1 direction. 
Using a two-dimensional analysis of the laminate, the tensile modulus (𝐸𝑥) can be related to the 
transformed reduced compliance matrix via: 
1
𝐸𝑥
= 𝑆1̅1 (3-2) 
Substituting for the reduced compliance matrix terms (𝑆1̅1), a relation for the tensile modulus in the 
global load direction can be derived in terms of the laminate engineering constants in the local 
direction: 
1
𝐸𝑥(𝜑)
=
1
𝐸1
𝑐4 + (
1
𝐺12
−
2𝑣12
𝐸1
) 𝑠2𝑐2 +
1
𝐸2
𝑠4 (3-3) 
where 𝑐 and 𝑠 are cos𝜑 and sin𝜑 respectively. 𝐸1, 𝑣12, 𝐸2 and 𝐺12 are evaluated using the laminate 
constituent properties and the rule-of-mixtures or inverse rule-of-mixtures, which are determined 
using: 
𝐸1 = 𝐸𝑓𝑉𝑓 + (1 − 𝑉𝑓)𝐸𝑚 (3-4) 
𝑣1 = 𝑣𝑓𝑉𝑓 + (1 − 𝑉𝑓)𝑣𝑚 (3-5) 
1
𝐸2
= (
𝑉𝑓
𝐸𝑓
+
(1 − 𝑉𝑓)
𝐸𝑚
) (3-6) 
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1
𝐺12
= (
𝑉𝑓
𝐺𝑓
+
(1 − 𝑉𝑓)
𝐺𝑚
) (3-7) 
Tensile Strength Model 
The tensile failure stress of a unidirectional laminate with different fibre orientations was modelled 
by resolving global stresses into local stress components normal and parallel to the fibre axis.  
Evaluation of the stress components under a uniaxial tension load condition (i.e. 𝜎𝑦 = 𝜏𝑥𝑦 = 0) 
results in three failure modes: 
Tensile failure: 𝜎𝑥 = 𝜎1 sec
2 𝜑 (3-8) 
Shear failure: 𝜎𝑥 = 2𝜏12 cosec 2𝜑 (3-9) 
Transverse tensile failure: 𝜎𝑥 = 𝜎2 cosec
2 𝜑 (3-10) 
where 𝜎1, 𝜎2 and 𝜏12 are the failure stress in the fibre direction, transverse direction and shear 
parallel to the fibres, respectively. It is assumed that the failure mode of the laminate is governed by 
whichever requires the lowest stress for a given fibre orientation angle (𝜑). The on-axis tensile 
failure stress (𝜎1) of the laminate is calculated using the rule-of-mixtures model for continuous fibre 
laminates.  The transverse (𝜎2) and shear failure (𝜏12) stresses are assumed to be equal to the tensile 
and shear strengths of the matrix material via: 
𝜎1 = 𝑉𝑓𝜎𝑓𝑏 + (1 − 𝑉𝑓)𝜎𝑚 (3-11) 
𝜎2 = (1 − 𝑉𝑓)𝜎𝑚 (3-12) 
𝜏12 = 𝜏𝑚 (3-13) 
The unidirectional glass fabric used in the laminate for this study (which is described later) contained 
a very small amount of fibres in the transverse direction. While these fibres provide negligible 
strength when loaded in the direction parallel to the unidirectional fibres, when loaded in the 
transverse direction they contribute slightly to the strength. As such, when assessing the transverse 
failure stress a term to account for this is included. The modified equation for transverse strength is: 
𝜎𝑥 = 𝜎2 cosec
2 𝜑 + 𝑉𝑓⊥𝜎𝑓𝑏 cos
2 𝜑 (3-14) 
where 𝑉𝑓⊥ is the fibre volume fraction of fibres in the transverse direction and 𝜎𝑓𝑏 is the fibre bundle 
strength.  
55 
 
3.2.2 Fire Structural Analysis of Glass Fibre Laminates with Off-Axis Fibres 
The behaviour of unidirectional glass fibre laminates with different fibre angles subject to combined 
one-sided fire conditions and tensile loading is assessed via a one-dimensional finite difference 
thermal-mechanical model. The thermal component of the model calculates the temperature-time 
profile of a laminate through-the-thickness for a given time-step of a pre-defined time period. The 
model assumes that the through-thickness temperature-time profile of the laminate is independent 
of the mechanical load and fibre orientation. The temperature-time profile is passed to the 
mechanical model component.  Here, the changes to the failure stress of the laminate constituents 
(fibres, matrix) at various locations through-the-thickness due to the fire exposure are calculated. 
Finally, the residual tensile failure stress is approximated by averaging the through-thickness residual 
stresses of the laminate for a given time-step. 
Thermal Model 
The temperature-time profile of the laminate through-the-thickness is calculated via a one-
dimensional model developed by Gibson et al. [68], which is based on the model developed by 
Henderson et al. [71]. The model assumes that the laminate is uniformly heated from one-side and 
heat transfer only occurs in the through-thickness direction. The model accounts for three key 
thermally driven processes: (i) heat conduction through the laminate thickness, (ii) the change in 
temperature due to decomposition of a polymer matrix, and (iii) the change in temperature due to 
convection of volatile decomposition gases towards the heated surface. For the laminate material 
(E-glass/vinyl ester) considered here, decomposition of the polymer matrix is assumed to be 
endothermic, and the associated decomposition gases have a temperature lower than the char 
region which they flow through, therefore both processes have a cooling effect. The governing one-
dimensional equation for the temperature-time profile of the laminate in the through-thickness 
direction is expressed by [68]: 
𝜌𝐶𝑝
𝜕𝑇
𝜕𝑡
=
𝜕
𝜕𝑧
(𝑘
𝜕𝑇
𝜕𝑧
) −
𝜕𝑀
𝜕𝑡
(𝑄𝑃 + ℎ𝐶 − ℎ𝐺) − ?̇?𝑔
𝜕
𝜕𝑧
ℎ𝐺 (3-15) 
where 𝑇, 𝑡 and 𝑧 are the temperature, time and distance from the heated surface, respectively. 𝜌, 
𝐶𝑝 and 𝑘 are the density, specific heat capacity and thermal conductivity of the laminate. 𝑄𝑃 is the 
decomposition energy of the polymer matrix, ℎ𝐶  and ℎ𝐺 are the laminate and decomposition gas 
enthalpies, and ?̇?𝑔 is the mass flux of volatiles. The three terms on the right relate to heat 
conduction, polymer matrix decomposition and convection of decomposition gases, respectively. 
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The decomposition rate of the polymer matrix is assumed to follow a single-stage reaction process 
(which is the case for the vinyl ester resin used in this study), and is modelled using the first-order 
Arrhenius relationship: 
𝜕𝑀
𝜕𝑡
= −𝐴𝑀0 (
𝑀 − 𝑀𝑓
𝑀0
) 𝑒(−𝐸 𝑅𝑇⁄ ) (3-16) 
where 𝐴 and 𝐸 are respectively the rate constant and decomposition activation energy, which must 
be determined experimentally from thermogravimetric analysis (TGA) of the polymer. 𝑀0, 𝑀 and 𝑀𝑓 
are the original, instantaneous and final mass of the polymer matrix during the decomposition 
process. 𝑅 is the universal gas constant. 
 
Mechanical Model 
The tensile modulus of the glass fibre laminate decreases with increasing temperature due to 
thermal softening of the laminate constituents. The equation for tensile modulus in the global load 
direction (Eqn 3-3) can be modified to account for constituent softening: 
1
𝐸𝑥(𝑇, 𝜑)
=
1
𝐸1(𝑇)
𝑐4 + (
1
𝐺12(𝑇)
−
2𝑣12
𝐸1(𝑇)
) 𝑠2𝑐2 +
1
𝐸2(𝑇)
𝑠4 (3-17) 
where the axial, transverse and shear moduli decrease with increasing temperature due to thermal 
softening and decomposition of the polymer matrix. The Poisson’s ratio is assumed not to change 
with increasing temperature. A hyperbolic tanh function is used to model the effect of temperature 
on the elastic properties. The expression is almost symmetric around the mechanical glass transition 
temperature; defined as the temperature at which the polymer stiffness has decreased by 50% of 
the room temperature value. The expression used in this work takes the form: 
𝐸1(𝑇) = (
𝐸1(0) + 𝐸1(𝑅)
2
−
𝐸1(0) − 𝐸1(𝑅)
2
tanh (𝑘𝑚(𝑇 − 𝑇𝑔
′)))𝑅𝑟𝑐(𝑇)
𝑛 
𝐸2(𝑇) = (
𝐸2(0) + 𝐸2(𝑅)
2
−
𝐸2(0) − 𝐸2(𝑅)
2
tanh (𝑘𝑚(𝑇 − 𝑇𝑔
′)))𝑅𝑟𝑐(𝑇)
𝑛 
𝐺12(𝑇) = (
𝐺12(0) + 𝐺12(𝑅)
2
−
𝐺12(0) − 𝐺12(𝑅)
2
tanh (𝑘𝑚(𝑇 − 𝑇𝑔
′)))𝑅𝑟𝑐(𝑇)
𝑛 
(3-18a-c) 
where 𝑇 and 𝑇𝑔
′ are the instantaneous temperature and mechanical glass transition temperature, 
respectively. The subscripts (0) and (𝑅) are the initial and residual (fully softened) values. 𝑘𝑚, 𝑅𝑟𝑐 
and 𝑛 are empirical constants describing the breadth of the temperature-strength curve, the 
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residual resin content during decomposition, and a constant dependent on the relationship between 
mass loss and polymer matrix strength, respectively. For laminates loaded in tension, the effects of 
matrix creep are assumed negligible. 
The Young’s modulus of the laminate in the tensile loading direction is assessed at ‘𝑚’ equispaced 
locations through the laminate thickness (ℎ) for a given time interval. The residual modulus of the 
laminate is determined by integrating across the ‘𝑚’ intervals using Simpson’s rule: 
𝐸𝑥,𝑎𝑣(𝑇, 𝜑) =
1
ℎ
∫ 𝐸𝑥(𝑇, 𝜑, 𝑧). 𝑑𝑧
ℎ
0
 (3-19) 
The tensile properties of the laminate constituents are affected by exposure to elevated 
temperature. In the case of the glass fibre strength they are both temperature and time dependent. 
In order to calculate the residual strength of a laminate with off-axis fibres exposed to one-sided fire 
conditions, the room temperature strength equations (Eqns. 3-11 to 3-13) are modified to account 
for elevated temperature exposure and exposure time. 
Like the elastic properties, a hyperbolic tanh function is used to model the effect of temperature on 
tensile failure stress if the polymer matrix. It is assumed that the matrix shear strength will follow 
the same softening behaviour as its tensile strength; 
𝜎𝑚(𝑇) = (
𝜎 𝑚(0) + 𝜎𝑚(𝑅)
2
−
𝜎𝑚(0) − 𝜎𝑚(𝑅)
2
tanh (𝑘𝑚(𝑇 − 𝑇𝑔
′)))𝑅𝑟𝑐(𝑇)
𝑛 
𝜏𝑚(𝑇) = (
𝜏 𝑚(0) + 𝜏𝑚(𝑅)
2
−
𝜏𝑚(0) − 𝜏𝑚(𝑅)
2
tanh (𝑘𝑚(𝑇 − 𝑇𝑔
′)))𝑅𝑟𝑐(𝑇)
𝑛 
(3-20a-b) 
where subscripts (0) and (𝑅) are the initial and residual matrix strengths.  
The fibre strength will be reduced by fire exposure when heated above a critical temperature 
(approximately 250°C for E-glass) [52]. The tensile strength of glass fibres are influenced by both the 
temperature and heat exposure time. The current study employs a phenomenological model 
developed by Feih et al. [52] to predict the reduction in glass fibre bundle strength with increasing 
temperature and heat exposure time. The model is mathematically described by the hyperbolic tanh 
function: 
𝜎𝑓𝑏(𝑡, 𝑇) = 𝜎𝑓𝑏(0) − 𝜎𝑙𝑜𝑠𝑠(𝑇) tanh(𝑘𝑓𝑏(𝑇)𝑡) (3-21) 
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where 𝜎𝑓𝑏(0) is the initial fibre bundle strength and 𝜎𝑙𝑜𝑠𝑠(𝑇) is the steady-state strength of the fibre 
bundles at temperature, 𝑇. The rate of strength loss, 𝑘𝑓𝑏(𝑇), is calculated via the curve fit 
expression: 
𝑘𝑓𝑏(𝑇) = 𝑘1𝑒
𝑘2𝑇 (3-22) 
where 𝑘1 and 𝑘2 are curve-fit constants determined by elevated temperature strength testing on 
fibre bundles. The strength loss function, 𝜎𝑙𝑜𝑠𝑠(𝑇), is determined using: 
𝜎𝑙𝑜𝑠𝑠(𝑇) =
𝜎𝑓𝑏(0)
2
+
𝜎𝑓𝑏(0) tanh (𝑝𝑓𝑏(𝑇 − 𝑇50%))
2
 (3-23) 
where 𝑇50% and 𝑝𝑓𝑏 are the temperatures at which the glass fibre bundles lose 50% of their strength 
and a fitted empirical constant, respectively. 
As discussed, the tensile failure stress and mode of failure of the laminate are influenced by the fibre 
orientation. The failure stress of the laminate subject to tensile loading and one-sided heating is 
calculated by modifying the equations developed to predict the room temperature strength (Eqns. 3-
11 to 3-13), and are expressed as: 
𝜎1(𝑇, 𝑡) = Φ𝐿𝑇𝑉𝑓𝜎𝑓𝑏(𝑇, 𝑡) + (1 − 𝑉𝑓)𝜎𝑚(𝑇) (3-24) 
𝜎2(𝑇) = (1 − 𝑉𝑓)𝜎𝑚(𝑇) (3-25) 
𝜏12(𝑇) = 𝜏𝑚(𝑇) (3-26) 
where the term Φ𝐿𝑇 is a load transfer factor to account for the loss of the “composite effect” which 
assumes all fibres bear equal load. The loss results from thermal softening of the polymer matrix 
leading to reduced load transfer efficiency between matrix and fibres. Substituting the new 
equations for the laminate strength in the local directions into the global strength equations (Eqns. 
3-8 to 3-10) yields: 
Tensile failure: 𝜎𝑥(𝑇, 𝑡) = 𝜎1(𝑇, 𝑡) sec
2 𝜑 (3-27) 
Shear failure: 𝜎𝑥(𝑇) = 2𝜏12(𝑇) cosec 2𝜑 (3-28) 
Transverse tensile failure: 𝜎𝑥(𝑇) = 𝜎2(𝑇) cosec
2 𝜑 (3-29) 
Again it is assumed that the mode of failure of the laminate is governed by whichever failure mode 
requires the lowest stress for a given fibre orientation angle (𝜑). The strength of the laminate is 
assessed at ‘𝑚’ equispaced locations through the laminate thickness (ℎ) for a given time interval. 
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The residual tensile failure stress of the laminate is determined by integrating across the ‘𝑚’ 
intervals using Simpson’s rule [59]: 
   𝜎𝑥,𝑎𝑣 =
1
ℎ
∫ 𝜎𝑥(𝑧). 𝑑𝑧
ℎ
0
  
        ≈
ℎ
3𝑚
(𝜎𝑥(𝑧0) + 4𝜎𝑥(𝑧1) + 2𝜎𝑥(𝑧2) + ⋯+ 2𝜎𝑥(𝑧𝑛−2) + 2𝜎𝑥(𝑧𝑛−1) + 𝜎𝑥(𝑧𝑛)) (3-30) 
3.3  Fire Structural Testing of Glass Fibre Laminates with Off-Axis Fibres 
Composite Material 
The laminate chosen for investigation was made using unidirectional E-glass fibres and vinyl ester 
resin (SPV 1265). The glass fabric and vinyl ester resin were supplied from Colan Product Pty Ltd and 
Nuplex Industries (Aust) Pty Ltd, respectively. The unidirectional glass fabric architecture comprised 
of a layer of unidirectional E-glass fibres (0°) with 2400 tex tows, an areal density of 567 g/m2, and an 
average fibre diameter of 18.4 μm (SD 2.7 μm), as shown in Figure 3-2. The glass fibre diameter was 
measured using a Mitutoyo LSM-500S Laser Scan Micrometer with an accuracy of ±0.3 μm. The 
unidirectional yarns were held in place by transverse E-glass fibres with an areal density of 24 g/m2, 
and stitched using thermoplastic yarns of areal weight of 8 g/m2. The entire glass fabric had an areal 
weight of 599 g/m2. The glass fabric was stacked into a preform such that the warp tows were all 
aligned in one direction. The vinyl ester resin system was unmodified and did not contain flame 
retardant fillers or additives. 
The stacked glass fabric, consisting of eight plies, was infused with vinyl ester resin at room 
temperature using the vacuum bag resin infusion (VBRI) process (Figure 3-3). The resin was catalysed 
using 0.75 wt.% of MEKP-925-H catalyst (supplied from Nuplex Industries (Aust) Pty Ltd) before the 
infusion. The laminate was allowed to cure under ambient conditions (23°C, 50% RH) for 24 hours 
before being post-cured in an oven at 80°C for two hours. The fibre volume fraction was measured 
to be approximately 48%, determined using ASTM D3171. 
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Figure 3-2: Unidirectional E-glass fabric. 
 
 
Figure 3-3: Vacuum bag resin infusion process. 
 
The glass transition temperature (Tg) of the post-cured vinyl ester resin has been reported to be 
approximately 120°C; measured using dynamic mechanical thermal analysis (DMTA) and differential 
scanning calorimetry (DSC) [54]. The mechanical glass transition temperature (Tg’), defined as the 
temperature at which the resin loses 50% of its modulus, was measured to be 98°C [54]. The 
decomposition temperature of the vinyl ester resin is approximately 350°C [63]. Shown in Figure 3-4 
Warp tows 
Weft tows 
Polymer stitches 
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are the thermal gravimetric analysis (TGA) curves showing the decomposition of the neat vinyl ester 
measured at different heating rates in a nitrogen atmosphere. 
 
Figure 3-4: TGA curves for neat vinyl ester resin at different heating rates [54]. 
 
Samples used in the experimental investigation were cut from the laminates using an abrasive 
waterjet. The samples were cut at different angles relative to the fibre orientation. The nominal 
angles used in this study were 0°, 5°, 10°, 15°, 30°, 45° and 65°. The variation of fibre angles after the 
samples had been waterjet cut was determined using a digital angle gauge accurate to ±0.1°. The 
fibre orientation angles were measured at various locations along a samples length for a minimum of 
five samples per fibre orientation angle. The error in the fibre angle is shown in Figure 3-5, and was 
typically within 1°. 
 
Figure 3-5: Frequency distribution of fibre orientation error. 
 
0
2
4
6
8
10
12
14
16
-1.5 -1 -0.5 0 0.5 1 1.5 2
Fr
e
q
u
e
n
cy
Error (°)
62 
 
3.4 Experimental Methodology 
3.4.1 Mechanical Testing 
The tensile properties of the laminate for fibre orientation angles between 0° and 65° were 
measured using a 100 kN MTS testing machine (Figure 3-6). The laminate samples had a thickness of 
4 mm, width of 25 mm and gauge length of 150 mm. The tensile tests and Young’s modulus 
calculations were conducted in accordance to ASTM D3039. The samples were loaded at an 
extension rate of 2 mm/min until failure. The axial strain used to calculate the Young’s modulus was 
recorded using a 25 mm axial extensometer (Type MTS 634.12F-25). Five samples were tested for 
each angle.  
 
Figure 3-6: Tensile testing machine used for mechanical testing. 
 
3.4.2 Fire-Under-Load Testing 
The fire performance of the laminates was assessed by performing fire-under-load tests in tension. 
The tests replicate the behaviour of a loaded flat plate or beam when subject to a one-sided fire. 
Test specimens were preloaded with a constant tension load before being subject to a constant 
radiant heat flux from a cone heater. A schematic of the test apparatus as well as the real test 
apparatus is shown in Figure 3-7. The test specimens were rectangular in shape with length of 600 
mm, width of 50 mm and thickness of 4 mm. A cone heater, which was located 25 mm from the 
front face of the specimen, was used to apply a constant radiant heat. The heated section of the 
Extensometer 
Sample 
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specimen was constrained to an area of length 100 mm and width 50 mm. Ceramic fibre blanket was 
used to insulate the area outside of this region from direct exposure to the radiant heat flux. A 
hooded fume extraction system was used to remove smoke and fumes generated by the 
decomposition of the composite material. 
a) 
 
b) 
 
Figure 3-7: a) A side-view schematic of fire structural test apparatus, b) tensile test machine and cone heater used for 
experimental testing.  
 
The fire-under-load tests were conducted using a 250 kN MTS machine at loads between 5% and 
80% of the room temperature tensile failure stress. Testing was conducted for two heat flux levels: 
10 and 35 kW/m2. These heat flux levels represent a low and medium intensity fire respectively. The 
lower heat flux level causes the temperature of the matrix to increase above the glass transition 
temperature, but does not cause significant weakening of the glass fibres or decomposition of the 
polymer matrix. The higher heat flux level causes weakening of the glass fibres and significant matrix 
decomposition. 
The load, displacement, and front and back face temperatures of each test specimen were 
monitored continuously during testing using a force transducer, LVDT, and K-type thermocouples, 
respectively. The thermocouples used for the temperature measurements were located in the 
centre of the gauge on the front and back surfaces, and were held in place using thin steel wire. 
Shown in Figure 3-8 are the temperature-time profiles of the heating element for the 10 and 35 
Sample 
gauge 
Thermocouples 
Heater 
Ceramic 
blanket 
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kW/m2 heat flux levels. The temperature-time profile for each heat flux condition was recorded 
three times to assess the repeatability. The temperature profiles are consistent for both heat flux 
levels with variation of the steady state value within ±5°C and ±10°C for the 10 and 35 kW/m2 heat 
flux level, respectively. 
 
Figure 3-8: Temperature-time profiles of the heating element for 10 and 35 kW/m2 heat flux levels. 
 
3.4.3 X-Ray Computed Tomography 
The damage induced by the fire structural testing was assessed using X-ray computed tomography 
using a General Electric Phoenix v|tome|xs instrument using a micro-tube, Figure 3-9. Scans were 
performed at 60 kV and 450 μA with a voxel size of 45 μm. Up to 2000 image projections were 
recorded per sample. 
 
Figure 3-9: X-ray CT machine used for damage assessment. 
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3.5 Experimental Results and Discussion 
3.5.1 Room Temperature Mechanical Response 
Figure 3-10 shows the stress-strain curves for the laminates with different fibre angles when loaded 
in tension to failure, and the results are to be expected. The 0° laminate shows highly linear 
behaviour with failure occurring suddenly, and this is typical behaviour for unidirectional laminates 
loaded parallel to the fibre direction. X-ray CT scans revealed failure is dominated by tensile rupture 
of the fibre reinforcement and longitudinal splitting in the matrix. Tensile failure of the fibre bundles 
occurred at various locations throughout the gauge section of the test specimen. As expected, 
increasing the fibre orientation angle (relative to the loading direction) reduced both the gradient 
and linearity of the stress-strain curve. This was due to an increasing proportion of load being 
supported by the polymer matrix phase. A sharp decrease in tensile strength occurred for fibre 
orientations of ~30° and above, and this was due to increased shear deformation. Specimens with 
fibre orientations between 5° and 30° failed via shear, with X-ray CT scans showing a significant 
reduction in fibre bundle tensile failure with only a small fraction of the single fibre bundle filaments 
failing per ply. Specimens with fibre orientation angles higher than 30° showed no tensile damage to 
the fibre filaments; however X-ray CT scans showed increased matrix cracks and cracking through 
the fibre bundles. Fibre bundles were also shown splitting and bridging the failure plane, possibly 
due to transverse matrix tensile failure and/or fibre-matrix interface failure. 
 
Figure 3-10: Tensile stress-strain curves for glass fibre laminate with different fibre orientations measured at room 
temperature. 
 
The effect of fibre orientation on the tensile modulus and failure stress of the laminate is shown in 
Figure 3-11. The failure stress rapidly reduced with increasing fibre orientation angle; as does the 
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tensile modulus albeit at a reduced rate when compared to the tensile strength. This is in good 
agreement with typical behaviour for composite materials with off-axis fibres [140]. The solid lines in 
Figure 3-11 show the calculated reductions to the tensile modulus and failure stress with increasing 
fibre angle. The model for tensile strength (Eqns 3-8 to 3-9 and 3-14) agrees well with the 
experimental data, indicating the major damage mechanisms in the laminate have been correctly 
accounted for in the analysis. Good agreement was also found between the model and experimental 
values for the tensile modulus, particularly for small fibre orientation angles.  
a) 
 
b) 
 
Figure 3-11: Effect of ply orientation on a) tensile modulus, and b) failure stress for the glass fibre laminate at room 
temperature. The solid lines show the calculated tensile properties. 
 
3.5.2 Thermal Response 
The thermal response of the laminates was assessed by applying a constant radiant heat flux to a 
specimen held in place in the unloaded condition. As mentioned, two heat flux levels were 
investigated: low and medium fluxes of 10 kW/m2 and 35 kW/m2 respectively. The heat flux values 
generated a maximum front surface temperature of ~280°C and 500°C, respectively. The 
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temperature-time profiles of the laminates in the unloaded condition for the two heat flux levels are 
shown in Figure 3-12, with multiple curves shown for both flux levels. Both heat flux levels have 
consistent transient and steady-state behaviour; with the steady-state temperature being within 
approximately 10°C. Both heat flux levels have steady-state temperatures well above the glass 
transition temperature (~120°C) of the polymer matrix, although only the 35 kW/m2 heat flux 
generated temperatures high enough to cause significant matrix decomposition (~350°C). The 
thermal response profiles of the laminate shown in Figure 3-12 are for various fibre orientations, and 
it can be seen that the thermal response did not vary with fibre orientation angle. Also shown in 
Figure 3-12 are the temperature-time profiles of the laminates calculated by the thermal model 
(solid black lines). In general reasonable agreement is observed for both heat flux levels. 
a) 
 
b) 
 
Figure 3-12: Temperature-time profiles for the glass fibre-vinyl ester laminate in the unloaded condition exposed to a) 10 
kW/m2 and b) 35 kW/m2 heat flux. Solid black lines are profiles from the thermal model. 
0
50
100
150
200
250
300
0 900 1800 2700 3600
Te
m
p
e
ra
tu
re
 (
°C
)
Heat Flux Exposure Time (s)
Heated surface
Unheated surface
10 kW/m2
0
100
200
300
400
500
600
0 900 1800 2700 3600
Te
m
p
e
ra
tu
re
 (
°C
)
Heat Flux Exposure Time (s)
Unheated surface
Heated surface
35 kW/m2
68 
 
For the 10 kW/m2 heat flux the front and back surface temperatures of the laminates rapidly 
increased before reaching a steady-state value. Comparison of the modelled and experimental 
temperature-time profiles shows good agreement. Observation of a laminate post-exposure to 10 
kW/m2 showed heavy discolouration (Figure 3-13). The discolouration is thought to be the result of 
the initial breakdown of the polymer network via random chain scission and other decomposition 
reactions. Discolouration was observed at temperatures as low as 200°C. This is in good agreement 
with the onset of resin decomposition which occurs at approximately 180°C for vinyl ester resin [70]. 
The unevenness of the discolouration may be due to variation in the temperature of the heating 
element which is affected by variation in coil density. In this instance the top of the coil is slightly 
hotter than the bottom. For the 10 kW/m2 heat flux the temperature difference between the top 
and bottom of the specimen was typically 5 to 10 °C. 
 
Figure 3-13: Discolouration of a laminate exposed to a 10 kW/m2 heat flux. 
 
For a 35 kW/m2 heat flux, the front and back surfaces initially showed similar behaviour as the 10 
kW/m2 with the temperatures rapidly increasing. However, a secondary increase in temperature 
occurred between heating times of ~900 to 1800 seconds. Over this period both the front and back 
face temperatures of the laminates increased above the steady-state temperature; with the back 
surface temperature increasing above that of the front surface. The cause of the secondary 
temperature increase was internal smouldering combustion of the vinyl ester resin. Smouldering in 
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composites has been reported to occur in natural fibre laminates using vinyl ester resin subject to 
the same heat flux level [46]. Ignition and flaming combustion of the glass fibre-vinyl ester laminates 
have also been observed for higher heat fluxes [54, 59]. Following complete decomposition of the 
vinyl ester resin due to smouldering combustion, the front and back surface temperatures of the 
laminate decreased to a steady-state value. Good agreement exists between the experimental and 
calculated temperature-time profiles before smouldering combustion. During smouldering 
combustion agreement is poor as this phenomenon is not accounted for in the model. Post-
smouldering combustion, good agreement between the experimental and calculated profiles exists 
for the heat exposed surface as this temperature is determined solely by the radiant heat flux level. 
However, the temperature for the unexposed surface is over-predicted as the model does not 
account for changes in laminate thickness. During the smouldering process the matrix carbonises 
causing a loss of fibre bundle structure, delamination of the plies and in turn an increase in laminate 
thickness. The increase in thickness combined with the lower thermal conductivity of the porous 
char compared to that of the undecomposed matrix insulates the unexposed plies. Furthermore, 
after the matrix has completely decomposed and the char oxidised the glass fibres remain intact 
preventing the underlying plies from direct exposure to the applied heat flux. A similar insulating 
effect has been observed for composite laminates exposed to fire conditions [33]. 
Examination of the laminates post-exposure to the 10 and 35 kW/m2 heat flux was conducted using 
X-ray computed tomography, and images are shown in Figure 3-14. X-ray CT images for the 10 
kW/m2 heat flux (Figure 3-14a) reveal little damage. This is expected given the relatively low 
temperature of the heat flux. Examination of a laminate in cross-section shows through fibre bundle 
and matrix cracking due to thermal strains. It is also observed that melting of the fabric stitching 
(which is a thermoplastic filament) occurred at equispaced locations along the fibre bundles, 
producing pores in the matrix where the melted stitches flow to the surface (Figure 3-14a). 
Examination of a laminate exposed to the 35 kW/m2 heat flux (Figure 3-14b) revealed significant 
decomposition of the vinyl ester matrix. Examination of a ply beneath the heated surface shows little 
damage to the glass reinforcement. However, when compared to the 10 kW/m2 exposed laminate 
the spacing between fibre bundles is notably larger. Extensive delamination is also present, 
particularly near the heat exposed surface. A cross-sectional view of the laminate perpendicular to 
the fibre bundles shows a breakdown of the fibre bundle structure on the exposed face due to 
matrix decomposition. Delamination is present through all plies of the laminate; this sort of 
thermally-induced damage has been attributed to a rise in internal pressure, thermal strains, and 
reduced interlaminar fracture toughness [6, 56]. Cracking through fibre bundles were observed 
towards the unexposed face of the laminate where decomposition is not complete. For laminates 
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subject to a one-sided heat flux without mechanical load the damage was not affected by fibre 
orientation. 
a) 
 
 
 
 
 
 
b) 
 
Figure 3-14: X-ray CT scans of a laminate with 0° fibre orientation subject to a heat flux of a) 10 kW/m2 and b) 35 kW/m2.  
 
3.5.3 Deformations of the Laminates Exposed to One-Sided Heat Flux 
The displacement-heating time responses of the unloaded laminate specimens with 0° fibre 
orientation subject to the two heat fluxes are shown in Figure 3-15. The axial displacements were 
acquired from the LVDT sensor in the actuator, and the out-of-plane displacements from an external 
LVDT attached to the unheated rear face of the specimen. Similar behaviour in axial and out-of-
plane displacements was measured for both heat flux levels. In both cases, expansion is due to 
thermally-induced strains. This behaviour is in good agreement to similar research into the thermal 
behaviour of composite laminate materials subject to one-sided fire conditions [55, 115]. For the 10 
kW/m2 heat flux, the rate of axial expansion is highest at the beginning due to the high rate of 
heating. As the steady-state temperature is approached the rate of axial expansion also approaches 
steady-state. Similar behaviour was measured for the 35 kW/m2 heat flux, although the secondary 
heating phase caused by internal smouldering occurs resulting in a further increase in axial 
expansion. Completion of internal smouldering is accompanied by a reduction in axial expansion 
caused by the reduction in temperature.  
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a) 
 
b) 
 
c) 
   
 (t=t0) (t=t1) (t=t2) 
Figure 3-15:  Axial and out-of-plane displacements and temperature difference between front and back laminate faces for 
specimens subject to a) a 10 kW/m2 and b) a 35 kW/m2 heat flux, and c) a schematic of the laminate out-of-
plane displacement behaviour. Positive out-of-plane displacements are towards the heat source, and negative 
out-of-plane displacements away from the heat source. 
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The out-of-plane displacement of the unloaded laminate for both heat flux levels follows closely with 
the temperature difference between the heated and unheated surfaces, (Figure 3-16). A schematic 
of the typical out-of-plane displacement behaviour of the laminate is shown schematically in Figure 
3-15c. The out-of-plane displacement of the unloaded laminate subject to a 10 kW/m2 heat flux 
expands towards the heat source. Expansion is towards the heat source due to higher thermal 
strains (axial elongation) on the front heated face of the laminate than that on the back face 
resulting in a bending moment [55, 139]. The difference in thermal strains results from a negative 
temperature gradient through-the-thickness of the laminate. Subsequently, the laminate bends 
away from the heating source due partly to a reduction in the front and back face temperature 
difference leading to a reduced bending moment, and partly due to a reduction in thermal 
expansion of the front face matrix phase due to glass transition softening and possibly the beginning 
of decomposition of the polymer matrix (as discussed earlier); evident by the heavy discolouration of 
the matrix (Figure 3-13). Discolouration was observed to begin after 400 seconds of exposure to a 10 
kW/m2 heat flux. Steady-state was achieved once thermal equilibrium was reached. 
The 35 kW/m2 heat flux shows very similar out-of-plane displacement behaviour as the 10 kW/m2 
heat flux up to the point of deflection away from the heating source. The initial out-of-plane 
displacement towards the heating source was larger than that for the 10 kW/m2 heat flux due to the 
greater front and back face temperature difference, (Figure 3-16). Degradation of the matrix 
properties then led to deflection of the laminate away from the heating source as the neutral axis of 
the laminate specimen shifted towards the cold (unheated) surface. This was followed by a second 
larger deflection of the laminate away from the heating source which coincided with the completion 
of resin decomposition in the front heated face and the beginnings of the resin decomposition at the 
back face, (heating times of 415 seconds and 450 seconds respectively). A quasi-steady state out-of-
plane displacement was reached when smouldering combustion of the laminate occurred. As the 
laminate cooled post-smouldering combustion (heating time > 1800 seconds), the out-of-plane 
displacement reached a steady-state position. 
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a) 
 
b) 
 
Figure 3-16: Temperature difference between front and back laminate faces for specimens subject to a) 10 kW/m2 and b) 
35 kW/m2 heat flux. Positive temperatures indicate higher temperature on the front laminate face. 
 
The axial and out-of-plane displacement responses of the laminate were found to depend strongly 
on the fibre orientation. The displacements of unloaded laminates with fibre orientations between 
0° and 65° subject to a 35 kW/m2 heat flux are shown in Figure 3-17. Increasing the fibre orientation 
angle increased both the axial and out-of-plane displacements. The increase of axial thermal 
expansion with the fibre orientation angle (Figure 3-17a) was due to the difference in the thermal 
expansion coefficients between the glass fibres and vinyl ester resin, which are 5.4 × 10−6 𝐾−1 and 
19 × 10−6 𝐾−1 respectively. The lower coefficient of thermal expansion of the glass fibres restricts 
thermal expansion of the laminate in the fibre direction, resulting in relatively low expansions for 
laminates with a shallow fibre angle. As the fibre orientation angle is increased the thermal 
properties of the vinyl ester resin become increasingly dominate leading to larger thermal expansion 
of the laminate. The initial out-of-plane displacement of the laminate towards and away from the 
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heating source (Figure 3-17b) was also affected by fibre orientation. This behaviour is influenced by 
the difference in axial thermal expansion between the front and back face of the laminate. 
Laminates with fibre orientations greater than 15° failed when the residual strength fell below the 
small load applied when gripping the ends of the specimens. The fibres in these laminates do not 
span the length of the gauge; when the vinyl ester matrix decomposes they become very fragile as 
they are held together by char. 
a) 
 
b) 
 
Figure 3-17: Effect of fibre orientation on a) axial and b) out-of-plane thermal expansion for the 35 kW/m2 heat flux. 
 
3.5.4 Thermal Response of Laminates Exposed to Combined Tension Loading and One-
Sided Heating 
The previous section described the thermal and displacement responses for laminates with different 
fibre angles in an unloaded condition. This section investigates the changes to the responses when a 
static tensile stress is applied to the laminate while it is also subject to one-sided heating at a 
constant heat flux. 
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The thermal responses of the laminates with different fibre orientations were found to depend on 
the applied tension load level. Shown in Figure 3-18 are the temperature-time curves measured for 
laminates with fibre orientation angles between 0° and 15° subject to various load levels. (The 
temperature-time response of laminates with fibre orientations greater than 15° were also 
measured, however due to their very short time-to-failures (typically less than 300 seconds) the 
dependency of applied tension load could not be confidently distinguished from the experimental 
noise).  In some tests (fibre orientation angles between 0° and 10°), ignition of decomposition gases 
and smouldering were observed. The average ignition time was approximately 600 seconds. The 
temperature dependence exists in two phases: pre-ignition and post-ignition. In both cases the front 
and back faces of the laminate specimens were affected. In the pre-ignition phase, increasing the 
applied load resulted in an increase to the front face temperature and a reduction to the back face 
temperature. The change in thermal response of the laminates was due largely to delamination 
cracking. Delamination increases the thickness of the specimens and causes the production of large 
gaps (Figure 3-14) between plies which reduce the efficiency of thermal conduction to the 
underlying regions of the laminates resulting in higher temperatures near the heated face and lower 
temperatures towards the back face of the specimens. The load dependency of the laminate thermal 
response increased with increasing fibre orientation angle up to 10° before decreasing with 
increasing fibre orientation angle. 
During the post-ignition phase an increase in applied load was found to increase the heating rate of 
both the front and back specimen faces. The increased heating rate was due to an increased rate of 
egress of volatile decomposition gases through the specimen caused by a reduction in barriers 
preventing decomposition gas migration. The breakdown of these barriers was due to increased 
cracking in the matrix and char layer, and delamination. A similar phenomenon occurs with glass 
fibre laminates and glass fibre-balsa wood core sandwich composites [41, 42]. Research into the fire 
reaction properties of polymer laminates by Gibson et al. [118] found the heat release rate, smoke 
production rate and time-to-ignition to be stress dependent for laminates loaded in tension and 
compression. It was postulated that this was linked to the development of matrix cracking. Tensile 
loading will open-up cracks aiding the outgassing of volatiles while compression will close cracks 
hindering the outgassing. A similar stress dependency for the temperature-time profile was 
measured for the 10 kW/m2 heat flux however, the effect was less pronounced for the front heated 
face and decomposition did not occur. Very little stress dependence was observed for ply 
orientations greater than 15° for either heat flux condition; this was due to the very short time-to-
failure as these samples were strongly matrix dependent. 
76 
 
a) 
 
b) 
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d) 
 
Figure 3-18:  Effect of applied tensile load on the temperature-time profiles of a glass fibre laminate exposed to a 35 kW/m2 
heat flux for fibre angles of a) 0°, b) 5°, c) 10° and d) 15°. Load values are shown as a percentage of the room 
temperature ultimate tensile strength of the laminate. 
 
3.5.5 Mechanical Response of Laminates Exposed to Combined Tension Loading and 
One-Sided Heating 
The fire performance of the laminates with different fibre orientation was assessed using fire-under-
load tests involving combined one-sided heating and tension loading. Test specimens were 
preloaded in tension before being subject to a radiant heat flux. The axial extension-heating time 
curves measured during the tests are shown in Figure 3-19 for the different fibre orientations, 
applied load levels and heat flux values. The curves are for the 10 and 35 kW/m2 heat flux levels, left 
and right respectively, and the percentage load applied relative to the room temperature failure 
stress is given. Three different trends are observed, which can be grouped into specimens with fibre 
orientation angles of (i) 0°, (ii) 5° to 15°, and (iii) 30° and above. The 0° fibre laminate (Figure 3-19a) 
exhibited an initial stage of extension due to thermal expansion and matrix softening. In this stage 
the rate of extension decreased with increasing heating time due to the rate of heating approaching 
a steady-state value. This was followed by a secondary stage of progressive fibre fracture; 
characterised by an inflection point in the axial extension-heating time curve. Specimens that did not 
fail reached equilibrium and did not exhibit a notable progressive fibre failure region. 
Laminates in the 5° to 15° group (Figure 3-19b-d) displayed similar behaviour to the 0° laminate, 
however the initial stage of extension was accompanied by a sudden increase in rate of extension. 
This sudden increase was due to matrix softening and fibre reorientation. Softening of the vinyl ester 
allowed the off-axis fibres to rotate and better align with the load direction. This was followed by 
axial extension due to continuing damage of the matrix phase, progressive fibre failure, and pull-out 
of the perpendicular placeholder yarns. 5° specimens at high applied load (> 60%), did not exhibit 
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this secondary increase in rate of extension and did not exhibit any fibre reorientation or pull-out of 
the perpendicular placeholder yarns; failure was dominated by tensile rupture due to the short 
heating time. 
The 30° and higher laminates (Figure 3-19e-g) have a strongly matrix dominated mechanical 
response. Deformation was characterised by a single stage of increasing rate of axial displacement 
due to matrix softening and progressive failure of the perpendicular place holder yarns. For very low 
applied loads (<20%) the axial extension-heating time curve includes a region of linear axial 
extension, and this was due to pull-out of the perpendicular placeholder yarns instead of tensile 
failure. 
 
a) 0° fibre orientation  
 
  
b) 5° fibre orientation  
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c) 10° fibre orientation  
 
  
d) 15° fibre orientation  
 
  
e) 30° fibre orientation  
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f) 45° fibre orientation  
 
  
g) 65° fibre orientation  
 
  
Figure 3-19: Experimental axial extension-heating time curves for the glass fibre laminate exposed to a heat flux of 10 
kW/m2 (left) and 35 kW/m2 (right) for fibre orientations a) 0°, b) 5°, c) 10°, d) 15°, e) 30°, f) 45° and g) 65°. 
The applied loads are expressed as a percentage of the failure stress for the laminate at 20°C. 
 
X-ray CT was performed following testing to detect the physical damage to the laminates. The effect 
of a 35 kW/m2 heat flux and a 20% load level is shown in Figure 3-20 to Figure 3-24 for all fibre 
orientations. All laminates showed damage due to delamination between plies and cracking through 
fibre bundles. The delamination and fibre bundle cracking is strongly influenced by temperature, as 
such the extent of each damage mechanism increased with decreasing applied load due to the 
increased heat flux exposure time and consequently higher temperature. 
Laminates with the 0° ply orientation (Figure 3-20) were dominated by tensile failure of the load-
bearing fibres and delamination. Failure of laminates at a high applied load level underwent 
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decomposition, softening of the matrix and fibre reinforcement, and longitudinal splitting. For low 
applied load levels significant matrix decomposition occurred as well as a slow progressive failure of 
the fibre reinforcement due to thermal softening. 
 
Front Transverse Inline 
   
Figure 3-20: X-ray CT scans of a laminate with 0° fibre orientation subject to a 35 kW/m2 heat flux and 20% load level. 
 
Laminates with a 5° ply orientation (Figure 3-21) showed a transition between failure modes. 
Samples subject to a high applied load level failed due to matrix shear (the same failure mechanism 
as the room temperature tensile test). In contrast, samples at low applied load levels (≤ 40%) 
showed damage due to matrix shear and tensile failure of the fibre reinforcement; with final failure 
controlled by tensile fibre failure. The change of failure mode was due to realignment of the fibre 
reinforcement in the load direction, aided by matrix degradation and softening. The degree of 
tensile fibre failure increased with decreasing applied load. 
 
Front Transverse Inline 
   
Figure 3-21: X-ray CT scans of a laminate with 5° fibre orientation subject to a 35 kW/m2 heat flux and 20% load level. 
 
Laminates with fibre orientation angles of 10° to 30° (Figure 3-22 to Figure 3-24) showed very similar 
damage behaviour. In all cases matrix shear due to softening was present, as well as delamination, 
Load 
Load 
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and pull-out of the transverse placeholder yarns. Reorientation of fibre bundles occurred in the 10° 
and 15° laminates, (as was observed in the 5° laminates), although the degree of fibre fracture 
decreased with increasing fibre angle. 
 
Front Transverse Inline 
   
Figure 3-22: X-ray CT scans of a laminate with 10° fibre orientation subject to a 35 kW/m2 heat flux and 20% load level. 
 
Front Transverse Inline 
   
Figure 3-23: X-ray CT scans of a laminate with 15° fibre orientation subject to a 35 kW/m2 heat flux and 20% load level. 
 
Front Transverse Inline 
   
Figure 3-24: X-ray CT scans of a laminate with 30° fibre orientation subject to a 35 kW/m2 heat flux and 20% load level. 
Load 
Load 
Load 
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X-ray CT scans revealed a significant increase in fibre bundle cracking for laminates with fibre 
orientations of 45° and 65° (Figure 3-25 and Figure 3-26) when compared to a laminate with a 30° 
orientation. The increase in fibre bundle cracking was due to an increase in load applied transverse 
to the fibre direction. It was observed that for high applied load levels (≥ 60%) fracture occurred 
through the length of a fibre bundle rather than between bundles. This indicates the transition 
between a shear failure mode and a matrix tension failure mode lies in the vicinity of 30° to 45°, 
which is in good agreement with the expected behaviour for laminates with off-axis plies subject to 
tension at room temperature [140]. 
 
Front Transverse Inline 
   
Figure 3-25: X-ray CT scans of a laminate with 45° fibre orientation subject to a 35 kW/m2 heat flux and 20% load level. 
 
Front Transverse Inline 
   
Figure 3-26: X-ray CT scans of a laminate with 65° fibre orientation subject to a 35 kW/m2 heat flux and 20% load level. 
 
The behaviour of the laminates for all fibre orientations when subject to a lower heat flux of 10 
kW/m2 were very similar to the laminates exposed to 35 kW/m2 due to the strongly matrix 
dominated failure mechanisms. Some samples did not fail when the dominate failure mechanism 
Load 
Load 
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was strongly reliant on the fibre reinforcement properties, which did not degrade enough due to the 
low heat flux level. 
The effect of fibre orientation on time-to-failure of the laminates with different fibre orientations 
subject to a one-sided heat flux of 10 kW/m2 is shown in Figure 3-27. The time-to-failure of the 
laminates increased with decreasing applied load, as expected. Time-to-failure also decreased 
rapidly with increasing fibre orientation. This behaviour was expected to occur due to the increasing 
dominance of the matrix properties which exhibit reductions in strength at much lower 
temperatures than the glass fibre reinforcement. The initial reduction in failure stress during the first 
900 seconds of exposure is attributed to thermal softening of the polymer matrix with the front and 
back faces reaching temperatures high enough to cause complete softening of the polymer matrix 
(~180°C). Softening of the glass fibres is dependent on both temperature and time. Although the 
fibres will begin losing strength above 250°C, the exposure time is not sufficient to cause significant 
weakening. As such glass fibre weakening does not play a significant role in the initial reduction of 
failure stress. However, for long exposure times (> 1800 seconds) glass fibres can show a reduction 
in strength by up to 20% for temperatures between 250°C and 300°C. 
The effect of fibre orientation on time-to-failure of the laminate subject to a one-sided heat flux of 
35 kW/m2 is shown in Figure 3-28. Like the 10 kW/m2 heat flux, the time-to-failure of the laminates 
increased with decreasing applied load. Time-to-failure also decreased with increasing fibre 
misalignment. Fibre orientation is shown to effect time-to-failure more for low applied load levels 
than for high applied load levels. The damage mechanisms observed for the 35 kW/m2 heat flux 
were similar to those of the 10 kW/m2 heat flux, with the addition of significant matrix 
decomposition. For fibre orientations of 0° and 5° increases in temperature above the equilibrium 
temperature in Figure 3-12 were observed due to smouldering and ignition volatile gasses produced 
by the decomposition process. Ignition was not observed in specimens with fibre orientations 
greater than 5° as time-to-failures were generally not long enough for the heat exposed surface to 
reach a hot enough temperature. 
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Figure 3-27:  Comparison of time-to-failure of a glass fibre laminate for different fibre orientations subject to a 10 kW/m2 
heat flux. Arrows indicated time-to-failures longer than 2 hrs. Solid curves are calculated. 
 
 
Figure 3-28:  Comparison of time-to-failure of a glass fibre laminate for different fibre orientations subject to a 35 kW/m2 
heat flux. Solid curves are calculated. 
 
Also shown in Figure 3-27 and Figure 3-28 are the calculated time-to-failure for the laminates (solid 
curves). These curves were calculated using the thermo-mechanical model and the parameters in 
Table 3-1. For both heat flux levels, good agreement exists for the 0°, 30°, 45° and 65° fibre 
orientation angles. This is due to the failure mode being strong fibre or matrix dominated at all 
applied load levels. For a fibre orientation angle of 0° exposed to the 35 kW/m2 heat flux level the 
model over-predicts the time-to-failure for applied load levels less than 400 MPa. These samples 
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ignited or smouldered for significant periods of time increasing the temperature above that 
predicted using the thermal model. These phenomena are not accounted for by the thermal model. 
Agreement between the model and experimental results for fibre orientations of 5° to 15° is poor. 
This is a result of the assumption that the failure mechanisms observed at room temperature apply 
at elevated temperature. As discussed earlier a change of failure mode occurs for laminates with off-
axis fibre orientation subject to one-sided heat exposure. The change in failure mode is complex; 
depending on the applied load level and initial fibre orientation angle, and involves reorientation of 
fibre bundles and tensile and shear failure modes which are complex processes not fully considered 
by the model. 
Table 3-1: Parameters used to solve the thermo-mechanical model and predict the fire structural behaviour of the laminate. 
Parameter Value Units Source 
Fibre volume fraction, 𝑽𝒇 0.46 (−) In-house 
Decomposition reaction constant, 𝑨 5.59 × 1013 (1 𝑠⁄ ) [59] 
Decomposition activation energy, 𝑸 212705 (𝐽 𝑘𝑔 𝑚𝑜𝑙⁄ ) [59] 
Order of decomposition, 𝒏 1 (−) [59] 
Thermal conductivity, 𝒌 0.43 (𝑊 𝑚𝐾⁄ ) [59] 
Remaining resin content, 𝑹𝒓𝒄 0.03 (−) [59] 
Initial resin strength, 𝝈𝒎,𝟎 69 (𝑀𝑃𝑎) [59] 
Resin strength at 300°C, 𝝈𝒎,𝑹 1.4 (𝑀𝑃𝑎) [59] 
Initial load transfer factor, 𝚽𝑳𝑻 1.0 (−) [59] 
Load transfer factor at 300°C, 𝚽𝑳𝑻 0.8 (−) In-house 
Initial fibre bundle strength, 𝝈𝒇𝒃 1530 (𝑀𝑃𝑎) [52] 
Fibre bundle 50% strength loss temperature, 𝑻𝟓𝟎% 347.6 (℃) [52] 
Empirical constant from fibre bundle data, 𝑷𝒇𝒃 5.83 × 10
−3 (1 ℃⁄ ) [52] 
Fibre bundle strength loss rate, 𝒌𝟏 
Fibre bundle strength reduction parameter, 𝒌𝟐 
1.81 × 10−6 
1.45 × 10−2 
(1 𝑠⁄ ) 
(1 ℃⁄ ) 
[52] 
[52] 
 
3.6 Conclusions 
The research presented in this chapter shows that fibre orientation plays an important role in the 
fire structural response of glass fibre-polymer laminates subject to tensile load. The fibre orientation 
directly influences the load distribution between the fibre and matrix phases; with increasing fibre 
orientation angle leading to increasing reliance on the polymer matrix to carry load. This combined 
with the higher softening rate of the matrix phase when compared to the glass fibres results in 
matrix dominated fibre orientations having poorer fire performance. Fibre orientation and applied 
load level were shown to influence the failure mode, with fire structural tests often exhibiting 
complex mixed-mode failures involving both the matrix and fibre phases. As well as the mechanical 
response, the thermal response of the laminate was affected by fibre orientation due to the effects 
of delamination and cracking through the matrix and char phases of the laminate. 
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A thermal-mechanical model is presented to predict the failure of glass fibre polymer laminates with 
off-axis fibre orientations while subject to one-sided fire conditions. The thermo-mechanical model 
can predict with reasonable accuracy the fire structural behaviour of laminates with 0° or high fibre 
orientations (>15°). For intermediate fibre orientations (5°<𝜑<15°) agreement with the model is 
poor. This is due to the complex failure modes of these fibre orientations not being captured by the 
mechanical model, which assumes the room temperature and elevated temperature failure modes 
are the same. The thermal model shows shortcomings for fire conditions involving smouldering 
and/or flaming combustion; either phenomenon is not accounted for. 
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Chapter 4 - Effect of Laminate Thickness on the Fire Response of 
Composite Laminates 
Abstract 
An experimental and analytical investigation was conducted to examine the effect of laminate 
thickness on the deformation, time-to-failure and failure mode of glass fibre composites loaded in 
tension and compression while subject to one-sided fire conditions. Laminates were manufactured 
with thicknesses ranging between 1.25 mm and 18 mm. This covers the wide range of thickness 
values common for many composite structures. Both the thermal and mechanical responses of the 
laminates when exposed to one-sided fire conditions were found to be influenced by their thickness, 
load type (tension or compression) and load magnitude. The thickness influenced the thermally 
induced damage within the laminate and in turn influenced the mechanical response when exposed 
to fire. The time-to-failure of the laminates increased rapidly with increasing thickness for both 
tension and compression load conditions due to an increased temperature gradient through-the-
thickness which slowed the softening rate and failure processes. 
A thermal-mechanical model is used to calculate the changes in elastic modulus and failure stress at 
elevated temperature for different laminate thicknesses. The model accuracy was compared against 
experimental data for validation. The isothermal elevated temperature modulus and failure stress 
was predicted with good accuracy as was the time-to-failure of the laminates for both the tension 
and compression load conditions. 
4.1 Introduction 
This chapter is a continuation of the investigation into the fire structural performance of E-glass 
reinforced polymer composite materials.  Here, the effect of laminate thickness on the fire structural 
behaviour is investigated. Although the effect of laminate thickness on the mechanical properties is 
well understood under isothermal conditions, the effect on the fire structural behaviour has not 
been investigated. It is important to understand this behaviour as the thickness of laminate 
structures are often based off isothermal (usually room temperature) design calculations, leading to 
laminate structures where thickness can vary from less than a millimetre to several centimetres. 
The fire performance of a laminate is strongly influenced by temperature, with strength reducing as 
temperature increases. For laminates subject to one-sided fire conditions the temperature of the 
exposed surface is dictated largely by the magnitude of the radiant heat flux. The through-thickness 
temperature, on the other hand, is dictated by the conduction of heat through-the-thickness as well 
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as the addition or loss of energy due to resin decomposition and gas flow effects, as described in 
Chapter 2. For a given heat flux, the laminate thickness will directly influence the through-thickness 
temperature-time profile and thus will also influence the laminate residual strength. 
Here, the effect of thickness on the fire structural behaviour of glass fibre laminates subject to 
tension and compression loads is investigated analytically and experimentally for laminates with 
thicknesses ranging from 1.25 mm to 18 mm. Fire-under-load testing reveals new insights into the 
effect of thickness on fire behaviour and are used to validate an analytical model for predicting the 
failure of composites subject to one-sided fire conditions. 
4.2 Thermal-Mechanical Modelling of Woven Glass Fibre Laminates in 
Fire 
4.2.1 Elevated Isothermal Temperature Analysis of Glass Fibre Laminates Loaded in 
Tension and Compression 
The mechanical properties of the glass fibre laminate subject to tension and compression loads are 
assessed via empirical models under isothermal conditions. The models calculate the change in 
modulus and strength due to elevated isothermal temperature for both tension and compression 
load conditions. For tension load conditions the modulus and strength are calculated using the same 
models presented in the Chapter 3. While the compression properties have been modelled using the 
hyperbolic tanh function introduced in Chapter 2. The model is employed to predict both the 
composite compression modulus and strength at elevated temperature: 
𝑃(𝑇) = (
𝑃 0 + 𝑃𝑅
2
−
𝑃0 − 𝑃𝑅
2
tanh (𝑘𝑚(𝑇 − 𝑇𝑔
′)))𝑅𝑟𝑐(𝑇)
𝑛 (4-1) 
 
where 𝑃0 and 𝑃𝑅 are the initial and residual properties; in this study either compression modulus or 
strength. 𝑘𝑚, 𝑅𝑟𝑐 and 𝑛 are as described in Chapter 3. 
4.2.2 Fire Structural Analysis of Loaded Glass Fibre Composites 
The fire structural performance of the glass fibre laminates are assessed via a one-dimensional 
thermal-mechanical model. The tensile and thermal models were introduced previously in Chapter 
3; the thermal model is the same for both tension and compression load cases. Here, the model to 
predict the mechanical response of a laminate subject to compression loads is introduced [139]. It is 
assumed that the thermal behaviour of the laminate is independent of the applied load. 
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Compression Model 
Two failure modes are prominent for laminated composite structures when loaded in compression: 
(i) Euler buckling and (ii) micro-buckling/kinking. The laminate residual compression strength is 
calculated for both failure modes. It is assumed that failure of the laminate will be governed by 
whichever failure mode requires the lowest stress. Failure due to Euler buckling is calculated via the 
Euler buckling equation with simply supported constraints: 
𝑃𝑏𝑢 =
𝜋2
𝐿𝑒
2 𝐸𝑎𝑣(𝑇)𝐼 (4-2) 
 
where 𝐿𝑒, 𝐸𝑎𝑣(𝑇), and 𝐼 are the effective length, average Young’s modulus as a function of 
temperature, and second moment of area respectively. It is assumed that the second moment of 
area remains constant. The compression modulus is calculated via the hyperbolic tanh function used 
to predict the elevated temperature strength, Eqn 4-1. The modulus of the laminate is assessed at 
‘𝑚’ equispaced locations through the laminate thickness for a given time interval. The residual 
modulus or average modulus of the laminate is determined by integrating across the ‘𝑚’ intervals 
using Simpson’s rule: 
   𝐸𝑎𝑣 =
1
𝑡
∫ 𝐸𝑥(𝑧). 𝑑𝑧
𝑡
0
 
 
 
        ≈
𝑡
3𝑚
(𝐸𝑥(𝑧0) + 4𝐸𝑥(𝑧1) + 2𝐸𝑥(𝑧2) + ⋯+ 2𝐸𝑥(𝑧𝑛−2) + 2𝐸𝑥(𝑧𝑛−1) + 𝐸𝑥(𝑧𝑛)) (4-3) 
 
The residual compression strength when failure is due to micro-buckling and kinking is calculated via 
the elevated temperature hyperbolic tanh function (Eqn 4-3), where 𝑃0 and 𝑃𝑅 are the initial and 
residual compression strength of the laminate. Like the modulus, the residual compression strength 
is calculated at ‘𝑚′ equispaced locations through the laminate thickness and then averaged using 
Simpson’s rule (Eqn 4-3). 
4.3 Fire Structural Testing of Glass Fibre Laminates 
4.3.1 Composite Material 
The laminate chosen for investigation was made using woven E-glass fibres and vinyl ester resin (SPV 
1265). The glass fabric and vinyl ester resin were supplied by Colan Product Pty Ltd and Nuplex 
Industries (Aust) Pty Ltd respectively. The laminate was comprised of E-glass fibres in a [0/90] woven 
fabric with 2400 tex tows and an areal density of 830 g/m2, as shown in Figure 4-1. The glass fibre 
fabric was stacked into a preform such that the warp tows were all aligned in the loading direction. 
The vinyl ester resin system was unmodified and did not contain flame retardant fillers or additives. 
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Figure 4-1: Plain woven E-glass fabric used in the laminates. 
 
The stacked glass fabric was infused with vinyl ester resin at room temperature using the vacuum 
bag resin infusion (VBRI) process. The resin was catalysed using 0.75 wt.% of MEKP-925-H catalyst 
(supplied from Nuplex Industries (Aust) Pty Ltd) before the infusion. The laminate was allowed to 
cure under ambient conditions (23°C, 50% RH) for 24 hours before being post-cured in an oven at 
80°C for two hours. The laminates were fabricated with 2, 4, 8, 12, 15 and 30 plies and the 
corresponding thicknesses are shown in Figure 4-2. The fibre volume fraction for all laminate 
thicknesses was measured to be approximately 54%, as determined using ASTM D3171. 
 
Figure 4-2: Thickness of the laminate comprised of various number of plies. 
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4.4 Experimental Methodology 
4.4.1 Mechanical Testing 
The tensile and compression properties of the laminate were measured using 250 kN MTS and 50 kN 
Instron testing machines, respectively (Figure 4-3). The tensile and compression properties were 
measured at constant isothermal temperatures between 22°C and 250°C. A heating cartridge was 
used to locally heat the gauge region of the tensile specimens, while the compression specimens 
were heated and tested inside an oven. The samples were soaked inside the heating cartridge or 
oven for 8 min prior to testing. This heating time was long enough to reach isothermal conditions. 
The laminates were comprised of 8 plies and had a thickness of 4.5 mm. The in-plain dimensions of 
the tensile and compression specimens were 25 mm by 250 mm and 25 mm by 50 mm, respectively. 
The tensile tests were conducted in accordance to ASTM D3039 and the compression tests were 
conducted using a NASA short block compression rig. The samples were loaded in the warp fibre 
direction at a rate of 2 mm/min until failure. Five samples were tested for each condition. 
a) 
 
Sample 
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Heating 
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b) 
 
Figure 4-3: Testing machine used for a) tensile testing, and b) compression testing. 
 
4.4.2 Fire-Under-Load Testing 
The fire performance of the laminates with different thickness values was assessed by performing 
fire-under-load tests in tension and compression. Testing was conducted for two heat flux levels: 10 
and 50 kW/m2. As discussed previously, the low heat flux level causes glass transition softening of 
the polymer matrix and minimal softening of the glass reinforcement [51, 143]. The high heat flux 
level, however, causes rapid heating and decomposition of the polymer matrix and significant 
weakening of the glass fibres.  
4.5 Experimental Results and Discussion 
4.5.1 Elevated Temperature Mechanical Response 
The stress-strain response of the 4.5 mm thick laminate at different isothermal temperatures subject 
to tension loading is shown in Figure 4-4, and the results were as expected. The room temperature 
laminate shows a linear stress-strain response with a sudden failure, which is typical behaviour for 
reinforced polymer laminates at room temperature. Increasing temperature reduces the steepness 
of the stress-strain response of the laminate, and this is accompanied by an increase in axial strain 
due to thermal softening of the polymer matrix and straightening of the woven fibre reinforcement. 
The failure of the glass fibre laminate changed from brittle at low temperatures (≤100°C) to 
Sample 
NASA Short 
Block Rig 
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progressive fibre failure at high temperature (≥150°C). This correlates well with the glass transition 
temperature of the vinyl ester matrix (120°C). 
 
Figure 4-4: Tensile stress-strain curves for the glass fibre laminate at different temperatures. 
 
The effect of temperature on the tensile modulus and tensile failure stress of the glass fibre laminate 
is shown in Figure 4-5. The modulus decreases with increasing temperature due to glass transition 
softening of the vinyl ester matrix which reduces the load transfer efficiency of the fibre 
reinforcement. The failure stress also decreases with increasing temperature. The elevated 
temperature modulus and failure stress were modelled using Eqns 4-1 and 4-2. Good agreement 
between the modelled and experimental values for both tensile modulus and failure stress is shown. 
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b) 
 
Figure 4-5: Elevated temperature properties for the glass fibre laminate: a) tension modulus, b) tension failure stress. 
 
The stress-strain response of the 4 mm thick laminate at different isothermal temperatures subject 
to compression loading is shown in Figure 4-6, and the results were also as expected. The room 
temperature laminate shows a linear stress-strain response with a sudden brittle failure. Increasing 
temperature reduced the steepness of the stress-strain response of the laminate; this is also 
accompanied by a decrease in axial strain due to thermal softening of the polymer matrix.  
 
Figure 4-6: Compression stress-strain curves for the glass fibre laminate at different temperatures. 
 
X-ray CT (Figure 4-7) revealed that failure of the laminate occurred via formation of an in-phase kink 
band. CT images show at low temperature (<150°C) tension and compression fibre fracture occurs, 
which is typical for these conditions [140]. At high temperature (≥150°C) fibre bending results 
instead of fibre fracture; this is due to glass transition softening of the polymer matrix allowing 
significant fibre rotation over a large angle from the compression load direction. High temperature 
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specimens (≥150°C) returned to their original shape once load was removed and appeared 
undamaged; however X-ray CT revealed matrix cracking for all temperature test conditions. Kink 
band formation occurred over a larger axial distance for temperatures above the glass transition 
temperature.  
The effect of temperature on the compression modulus and failure stress of the laminate is shown in 
Figure 4-8. The compression modulus decreased with increasing temperature due to glass transition 
softening of the vinyl ester matrix which reduces the load transfer efficiency between the fibre 
reinforcement. Matrix softening also caused the compression strength to decrease with increasing 
temperature. The minimum compression strength was reached after approximately 150°C. The 
agreement between the modelled (Eqns 4-3) and experimental values for both compression 
modulus and failure stress is good. 
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Figure 4-7: X-ray CT scans of elevated temperature compression specimens. 
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a) 
 
b) 
 
Figure 4-8: Elevated temperature properties for the glass fibre laminate: a) compression modulus, b) compression failure 
stress. 
 
4.5.2 Thermal Response 
The thermal response of the laminates with different thicknesses was assessed by applying a 
constant radiant heat flux to a specimen held in place in the unloaded condition. The heat fluxes of 
10 and 50 kW/m2 generated a maximum front surface temperature of ~290°C and 650°C, 
respectively. The steady-state temperature of each heat flux was well above the glass transition 
temperature, although only the 50 kW/m2 heat flux generated temperature high enough to 
decompose the vinyl ester resin. 
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The experimental temperature-time profiles for the two heat fluxes are shown in Figure 4-9 and 
Figure 4-10 (solid curves) for laminates of various thicknesses in the unloaded condition. The 
laminate thickness was shown to strongly influence the heating rate of the front (heat exposed) 
surface and both the heating rate and steady-state temperatures of the back surface. The steady-
state temperature of the front surface was not greatly affected by the laminate thickness, as this is 
influenced mostly by the radiant heat flux. Increasing thickness decreased the heating rate of the 
front surface and decreased both the heating rate and the steady-state temperature of the back 
surface, which is expected. The mechanism for the transient response of the front and back surface 
temperatures and the steady-state response of the back surface is the rate of heat conduction 
through-the-thickness, thus increasing the laminate thickness was expected to decrease these 
temperatures. This behaviour is the same for both heat flux levels, although it is best represented by 
the 10 kW/m2 heat flux as the 50 kW/m2 heat flux rapidly initiates decomposition of the vinyl ester 
resin. Thickness dependence is also notable in the time-to-ignition for the 50 kW/m2 heat flux. 
Decreasing laminate thickness decreases the available volume for heat storage within the laminate; 
as a result the laminate behaves in a thermally thin fashion with the decomposition rate increasing 
resulting in an increase in the amount of available volatile decomposition gases for combustion. Also 
shown in Figure 4-9 and Figure 4-10 are the modelled temperature-time profiles calculated using 
Eqn 3-15. The agreement between the modelled (Eqn 3-15) and experimental results is generally 
good; however for the front face the prediction of the transient region using the model appears to 
get progressively worse as laminate thickness is increased. The model does not account for 
smouldering or ignition of the polymer matrix, which is a significant factor for high intensity fire 
conditions.  
a) 
 
0
100
200
300
0 1000 2000 3000
Fr
o
n
t 
Fa
ce
 T
e
m
p
e
ra
tu
re
 (
°C
)
Heat Flux Exposure Time (s)
100 
 
b) 
 
Figure 4-9:  Experimental (solid lines) and calculated (dashed lines) temperature-time profiles of the front face of the 
laminate for various thicknesses exposed to a) 10 kW/m2 and b) 50 kW/m2 heat flux.  
 
a) 
 
b) 
 
Figure 4-10: Experimental (solid lines) and calculated (dashed lines) temperature-time profiles of the back face of the 
laminate for various thicknesses exposed to a) 10 kW/m2 and b) 50 kW/m2 heat flux.  
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Shown in Figure 4-11 are X-ray CT images of the laminates post-exposure to the radiant heat fluxes. 
Images for the 10 kW/m2 heat flux (Figure 4-11a) show little damage to the fibre reinforcement or 
matrix phases. This is expected given the low heat flux level. A cross-sectional view of the laminate 
reveals delamination and matrix cracking damage due to thermal strains. The laminate exposed to a 
50 kW/m2 heat flux (Figure 4-11b) underwent complete decomposition of the polymer matrix. 
Examination of the laminate post-exposure to the heat flux revealed little damage to the fibre 
reinforcement. Notable dark shaded regions were observed in the planar view of the laminate. 
These regions are typically indicative of delamination; in this instance the complete decomposition 
of the polymer matrix allowed the woven plies to separate. These regions were also observed for the 
10 kW/m2 heat flux exposed laminate although they were not pronounced due to the lower degree 
of delamination and cracking.  
a) 
 
 
 
 
b) 
 
Figure 4-11: X-ray CT scans of a laminate subject to a heat flux of a) 10 kW/m2 and b) 50 kW/m2. 
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In order to understand the effect of laminate thickness on thermally induced damage, laminates of 
varying thicknesses were exposed to a heat flux for a fixed time period. Figure 4-12a visually shows 
the effect of exposure to the 50 kW/m2 heat flux for 200 seconds. The laminate thickness increases 
from left to right. A distinct difference is noted between the thin and thick specimens, with thin 
specimens undergoing complete resin decomposition while thicker specimens have only initiated the 
decomposition process. As discussed earlier this is due to the effect of laminate thickness on the 
transient and steady-state thermal response of the laminate. 
X-ray CT was used to assess and quantify the damage. Matrix cracking and char propagation were 
observed in all specimens (excluding specimens where the matrix completely decomposed). Figure 
4-12b shows the effect of laminate thickness on matrix crack depth and char propagation. The 
matrix crack depth and char propagation were measured as the distance from the heated surface to 
the crack or char layer closest to the unheated surface. The analysis revealed for a given heat flux 
and exposure time, increasing the laminate thickness decreased the depth and rate of thermally 
induced damage through the laminate thickness. Increasing the laminate thickness draws thermal 
energy away from the heat exposed surface via conduction to the larger unheated volume, thereby 
reducing the amount of energy available to cause damage such as cracks and matrix decomposition. 
This behaviour is also shown in Figure 4-10 where the temperature of the heat exposed surface of 
the thicker laminates increases at a slower rate than that of the thin laminates for a given heat flux 
level. 
a) 
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Figure 4-12:  Effect of laminate thickness on the thermal response when exposed to a 50 kW/m2 heat flux for 200 seconds. 
a) Heat exposed surface and b) matrix cracking and char depth.  
 
4.5.3 Deformations of the Laminates Exposed to One-Sided Heat Flux 
Shown in Figure 4-13 are the displacement-heating time response curves of the 9 mm thick laminate 
subject to the 10 and 50 kW/m2 heat fluxes in the unloaded condition. Both the axial displacement 
and out-of-plane displacement behaviour is similar for both heat flux levels. The axial displacement 
is due to thermal expansion of the laminate with increasing temperature. Axial displacement initially 
occurs at a high rate due to the high rate of heating. As axial displacement continues the rate of 
expansion decreases until a maximum displacement is reached, which coincides with the laminate 
reaching thermal equilibrium. The extent of axial displacement increases with increasing heat flux 
level due to the increased temperature. The 50 kW/m2 heat flux exposed sample showed a 
secondary increase in the rate of axial displacement due to ignition of decomposition products 
which further increased the temperature of the laminate. 
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a) 
 
b) 
 
Figure 4-13:  Axial and out-of-plane displacements for 9mm specimens subject to a) 10 kW/m2 and b) 50 kW/m2 heat flux 
levels. Positive out-of-plane displacements are towards the heat source, and negative out-of-plane 
displacements away from the heat source.  
 
The out-of-plane displacement of the unloaded laminate for both heat flux levels correlates well 
with the temperature difference between the front and back surfaces (Figure 4-14). The out-of-plane 
displacement of the unloaded laminate subject to a 10 kW/m2 heat flux expands towards the heat 
source due to higher thermal tensile strains on the front heated face compared to the back face, 
which generated a bending moment. The difference in thermal strains results from a temperature 
gradient through-the-thickness of the laminate. Subsequently, the laminate bends away from the 
heating source due to a reduction in bending moment and shift in neutral axis, and degradation of 
the vinyl ester properties (as discussed in the previous chapter). The 50 kW/m2 heat flux shows very 
similar out-of-plane displacement behaviour as the 10 kW/m2 heat flux. Due to the greater 
difference between the front and back face temperatures the initial out-of-plane displacement 
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towards the heating source was larger than the 10 kW/m2. Degradation of the matrix properties 
resulted in a deflection of the laminate away from the heating source as the neutral axis shifted 
towards the cold (unheated) surface. 
a) 
 
b) 
 
Figure 4-14: Temperature difference between front and back laminate faces for specimens subject to a) 10 kW/m2 and b) 
50 kW/m2 heat flux levels. 
 
Shown in Figure 4-15 is the effect of laminate thickness on the axial and out-of-plane displacements 
when exposed to a 10 kW/m2 heat flux in the unloaded condition. Increasing laminate thickness 
reduced the axial expansion of the laminate. Increasing the laminate thickness affected the out-of-
plane displacement differently for thin and thick laminates. The out-of-plane displacement for thin 
laminates is characterised by increasing out-of-plane displacement with increasing thickness, while 
for thick laminates decreasing out-of-plane displacement with increasing laminate thickness. For 
relatively thin laminates the increase in thermal gradient through-the-thickness results in a greater 
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thermal moment which causes greater out-of-plane displacement. However, for thicker laminates, 
although the thermal gradient is increased, further increase in out-of-plane displacement does not 
result. This is due to a reduction in the proportion of the laminate that is heat affected. The 
unheated proportion of the laminate is much stiffer than the heat exposed proportion and therefore 
resists bending. This behaviour would continue with increasing laminate thickness until the out-of-
plane displacement approached zero. The effect of thickness on the displacement response of the 
laminate subject to a 50 kW/m2 heat flux was not tested as the high temperatures rapidly 
decompose the polymer matrix and weaken the glass fibres to the point that they are too fragile to 
remain intact in the testing equipment during the test. 
a) 
 
b) 
 
Figure 4-15: Effect of laminate thickness on a) axial and b) out-of-plane thermal expansion for the glass fibre laminate 
subject to a 10 kW/m2 heat flux. 
 
4.5.4 Thermal Response of Laminates Exposed to Combined Tension Loading and One-
Sided Heating 
Shown in Figure 4-16 are the temperature-time response curves of laminates for all thicknesses 
subject to various applied load levels and a 50 kW/m2 heat flux. The thermal responses of the 
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laminate were found to depend on the applied tension load. Ignition of decomposition gases and 
smouldering combustion occurred for all samples. Ignition most frequently occurred upon failure of 
the specimen rather than mid-test. The load dependence of the laminate temperature response 
existed pre-ignition and post-ignition. During the pre-ignition phase the load dependence was minor; 
the rate of heating of the front face slightly increased with increasing applied load while a slight 
decrease in the heating rate of the back face with increasing applied load was measured. This was 
due to matrix cracking, delamination and char formation. As discussed previously, this reduces the 
efficiency of heat conduction into the laminate from the heated surface resulting in an increase in 
temperature near the front surface and a lower in temperature towards the back surface. The load 
dependence was minor in the pre-combustion phase and typically becomes less obvious with 
decreasing thickness as the laminate approach thermally thin behaviour.  
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c) 
 
d) 
 
Figure 4-16: Effect of applied tensile load on the temperature-time profiles of laminates exposed to a 50 kW/m2 heat flux 
for thicknesses of a) 1.25, b) 2.5, c) 4.5 and d) 9 mm. Load values are shown as a percentage of the room 
temperature ultimate tensile strength of the laminate.  
 
During the post-ignition phase, an increase in applied load was found to increase the rate of heating 
of both the front and back surfaces. As discussed in the previous chapter, the increased heating rate 
was due to an increased rate of egress of volatile decomposition gases through the specimen caused 
by a reduction in barriers preventing gas migration. The breakdown of these barriers was due to 
increased cracking in the matrix and char layer, and delamination. This also resulted in a decrease in 
time-to-smouldering combustion or ignition with increasing applied load (Figure 4-17); this is in good 
agreement with the findings of Elmughrabi et al. [118]. The time-to-smouldering combustion or 
ignition was determined as the secondary point of temperature increase from the experimentally 
measured temperature-heat flux exposure time curves. No obvious stress dependency was observed 
for the 10 kW/m2 heat flux level due to the limited amount of progressive damage caused to the 
laminate prior to failure. 
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a) 
 
b) 
 
Figure 4-17: Effect of applied tensile load on a) the time-to-smouldering combustion and b) the time-to-ignition of 
laminates exposed to a 50 kW/m2 heat flux for various thicknesses. Solid cures are lines of best fit.  
 
4.5.5 Mechanical Response of Laminates Exposed to Combined Tension Loading and 
One-Sided Heating 
The fire-under-load performance of the composites was assessed by fire structural tests involving 
combined one-sided heating and tension loading. Test specimens were preloaded in tension before 
being subject to a radiant heat flux. The axial extension-heating time curves measured during the 
fire-under-load tests are shown in Figure 4-18 for different laminate thicknesses and applied loads. 
The curves are for the 10 and 50 kW/m2 heat flux levels, left and right respectively. Specimens show 
an initial stage of extension due to thermal expansion, matrix softening and straightening of the 
woven load-bearing fibre bundles (Figure 4-19). The rate of extension decreases with increasing 
heating time due to the rate of heating approaching a steady-state value. A secondary stage of 
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progressive fibre fracture is observed which is characterised by an inflection point in the axial 
extension-heating time curve. This is similar behaviour to that described in the previous chapter for 
unidirectional laminates. Specimens at a relatively high applied load level showed a very small 
degree of progressive fibre failure before exhibiting a brittle-type fracture, whereas specimens at a 
low applied load showed substantial progressive fibre failure before complete rupture. Specimens 
that did not fail reached equilibrium and showed only minor progressive fibre failure.  
a) 
 
 
b) 
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c) 
  
d) 
  
Figure 4-18: Experimental axial extension-heating time curves for the laminates exposed to a heat flux of 10 kW/m2 (left) 
and 50 kW/m2 (right) for thicknesses of a) 1.25, b) 2.5, c) 4.5 and d) 9 mm.  
 
The applied heat flux level affected the fire-under-load behaviour of the specimens. Samples 
exposed to a high heat flux level (50 kW/m2) exhibited gradual failures for all load levels with the 
exception of the very high loads (>60% of the room temperature strength). The gradual failure 
behaviour was due to significant weakening of the fibre reinforcement caused by high temperature 
exposure. At very high load levels the time-to-failure is short which results in short heat flux 
exposure time and relatively low temperatures. As a result laminates fail after only small reductions 
in strength; in this instance due to matrix softening and decomposition.  
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Figure 4-19: Straightening of the warp tows in a specimen subject to tension load and one-sided fire exposure. 
 
The failure of samples exposed to a low heat flux level (10 kW/m2) was typically dominated by brittle 
failure. At the temperatures produced by the low heat flux, softening of the glass fibre 
reinforcement is minimal although damage to the polymer matrix is substantial; the matrix 
completely softens and begins the initial stage of decomposition. Due to the limited softening 
mechanisms involved during exposure to the 10 kW/m2 heat flux, failure only occurs for very high 
applied load levels where matrix softening and small reductions in fibre strength play a significant 
role. Specimens that did not fail showed damage due to fibre softening and progressive fibre failure 
due to the long heat flux exposure times, however the damage was not substantial enough to cause 
complete failure of the laminate. 
X-ray CT was performed to detect the physical damage to the laminates following fire-under-load 
testing. The effect of a 10 kW/m2 heat flux and a 400 MPa load is shown in Figure 4-20 to Figure 4-23 
for all laminate thicknesses. Damage due to delamination, through fibre bundle cracking, and matrix 
cracking was evident in all specimens. The thinner laminate (1.25 mm thick) (Figure 4-20) 
experienced tensile failure of the fibres and matrix cracking. Failure of laminates with a high applied 
load level underwent extensive matrix cracking and softening of the matrix and fibre reinforcement. 
For low applied load levels more extensive delamination and the initial stages of matrix 
decomposition occurred, as well as a slow progressive failure of the fibre reinforcement due to 
thermal softening. 
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5 mm 
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Figure 4-20: X-ray CT scans of a 1.25 mm laminate subject to a 10 kW/m2 heat flux and 400 MPa tension load. 
 
Failure of the laminate with a thickness of 2.5 mm (Figure 4-21) was dominated by delamination, 
matrix cracking and tensile failure of the fibre reinforcement. Samples subject to a high applied load 
level failed due to brittle rupture of the fibre reinforcement, while samples subject to a low applied 
load level failed via progressive tensile failure of the fibres. Samples with very low applied load levels 
did not fail as the reduction in strength caused by the low heat flux level was not substantial enough 
to cause failure.  
 
 
 
Figure 4-21: X-ray CT scans of a 2.5 mm laminate subject to a 10 kW/m2 heat flux and 400 MPa tension load. 
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Laminates with a 4.5 mm thickness (Figure 4-22) showed a substantial increase in delamination with 
all plies showing extensive cracking. Like the 1.25 and 2.5 mm thick laminates, matrix cracking and 
tensile fibre failure of the warp tows were evident through all plies. Samples subject to a high 
applied load level failed via brittle rupture of the fibre reinforcement and matrix, and decreasing the 
applied load level increased the amount of progressive fibre failure. 
 
 
  
 
Figure 4-22: X-ray CT scans of a 4.5 mm laminate subject to a 10 kW/m2 heat flux and 400 MPa tension load. 
 
Laminates with a 9 mm thickness (Figure 4-23) showed a distinct difference in damage. Similar to the 
thinner laminates, substantial amounts of matrix cracking, through fibre bundle cracking and 
delamination were evident. In contrast however, the 9 mm laminate showed a very large 
delamination of the first 6 plies. The cause of this change is due to the effect of thickness on the 
thermal response of the laminate. As discussed previously, the penetration depth of thermally-
induced damage reduces with increasing laminate thickness. The shallow depth of damage 
correlates well with the thermally-induced cracking damage depth of approximately 30% 
(approximately 5 plies) observed in the unloaded thermally exposed specimens discussed earlier. 
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of all plies 
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Failure of the 9 mm laminate were due to a reduction in modulus of the heat exposed plies caused 
by matrix softening resulting in a redistribution of load towards the unheated plies. The 
redistribution overloaded the unheated plies causing them to fail in tension followed by complete 
failure of the laminate. This mode of failure was consistent in all samples regardless of the load level. 
Samples with low applied load levels (<50%) exhibited the same major delamination event and 
minor progressive fibre failure, but did not fail. 
  
 
Figure 4-23: X-ray CT scans of a 9 mm laminate subject to a 10 kW/m2 heat flux and 400 MPa tension load. 
 
The behaviour of the laminates for all thicknesses when subject to the higher heat flux of 50 kW/m2 
was dominated by matrix decomposition and progressive tensile fibre failure due to the higher 
temperatures. Only samples subject to very high applied load levels did not show decomposition all 
the way through the laminate thickness before final failure. These samples showed catastrophic 
failure of the heat exposed plies. The 9 mm laminate exposed to a 50 kW/m2 heat flux showed the 
same major delamination behaviour observed in the 10 kW/m2 heat flux, however due to the more 
severe thermal damage the major delamination was now consistently 75% through the laminate 
thickness. 
The effect of laminate thickness on time-to-failure of the laminate subject to a one-sided heat flux of 
10 kW/m2 is shown in Figure 4-24. The time-to-failure of the laminates increased with decreasing 
Axial direction 
Matrix crack 
Large delamination 
Fibre bundle crack Delamination crack 
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applied load, as expected. The strength reduction exists in two regions: (I) rapid strength loss and (II) 
gradual strength loss. The initial reduction in strength (region I) is attributed to thermal softening of 
the polymer matrix, while the gradual strength loss (region II) is dominated by the gradual thermal 
weakening of the glass fibre reinforcement. In both regions the through-thickness temperature and 
thermal gradient are the controlling parameters influencing failure. The 1.25 and 2.5 mm laminates 
are considered thermally thin, ie: the through-thickness thermal gradient is negligible or small, and 
thus the difference in time-to-failure for a given applied load is not large. For thick laminates (9 mm) 
however, the through-thickness thermal gradient is significant and a substantial increase in time-to-
failure for a given applied load is evident. Increasing the thickness effectively reduced the average 
through-thickness temperature which resulted in a reduced softening rate of the laminate 
constituents and therefore longer time-to-failure. For applied loads less than approximately 250 
MPa, failure did not occur as the heat flux intensity was not high enough to cause sufficient 
softening of the fibre reinforcement. Unexpectedly, the 4.5 mm laminate showed significantly better 
fire performance than the 9 mm laminates; this is due to scatter in the properties of the laminate 
and its constituent materials which is discussed in detail in Chapter 5. 
 
Figure 4-24:  Comparison of time-to-failure of a laminate for different thicknesses subject to tension load and a 10 kW/m2 
heat flux. Arrows indicated time-to-failures longer than 2 hrs. The solid curves were caluclated using the 
thermal-mechanical model. 
 
The effect of thickness on time-to-failure of the laminate subject to a one-sided heat flux of 50 
kW/m2 is shown in Figure 4-25. The strength reduction exists in four regions: (I) rapid strength loss, 
(II) temporary plateau region, (III) region of significant strength loss and (IV) an equilibrium region. 
As with the 10 kW/m2 heat flux, region I is due to thermal softening of the matrix. Region II is the 
transition between weakening of the matrix and fibre constituents; under these heat flux conditions 
the matrix fully softens before the glass fibres have reached sufficient temperature and exposure 
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time to cause weakening. Region III is due to thermal weakening of the glass fibre reinforcement in 
the through-thickness direction. Region IV corresponds to a region where both thermal equilibrium 
and minimum fibre strength (for the given temperature in a particular ply) have been reached. In 
this region the through-thickness temperature distribution and fibre strength are no longer time 
dependent. The time-to-failure was also shown to increase with the laminate thickness. This is 
expected due to the reduced rate of heating (and therefore softening) through the laminate as the 
thickness is increased. Decomposition of the vinyl ester matrix was observed in all specimens as well 
as smouldering and ignition of volatile decomposition gasses produced by the decomposition 
process.  
 
Figure 4-25:  Comparison of time-to-failure of a glass fibre laminate composite for different laminate thicknesses subject to 
tension load and a 50 kW/m2 heat flux. The solid curves were calculated using the thermal-mechanical model. 
 
Also shown in Figure 4-24 and Figure 4-25 are the calculated failure stresses for the laminates (solid 
curves). The curves were calculated using the thermal-mechanical model described in the previous 
chapter. The parameters to solve the model are given in Table 4-1. The model predicts well the time-
to-failure for different thickness values. Reasonable agreement between the model and 
experimental results exists for the 10 kW/m2 heat flux and good agreement exists between the 
model and experimental results in all cases for time-to-failure for the 50 kW/m2 heat flux.  
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Table 4-1: Parameters used to solve the thermo-mechanical model of the laminate. 
Parameter Value Units 
Fibre volume fraction, 𝑽𝒇 0.27 (−) 
Decomposition reaction constant, 𝑨 5.59 × 1013 (1 𝑠⁄ ) 
Decomposition activation energy, 𝑸 212705 (𝐽 𝑘𝑔 𝑚𝑜𝑙⁄ ) 
Order of decomposition, 𝒏 1 (−) 
Thermal conductivity, 𝒌 0.43 (𝑊 𝑚𝐾⁄ ) 
Remaining resin content, 𝑹𝒓𝒄 0.03 (−) 
Initial resin strength, 𝝈𝒎,𝟎 69.0 (𝑀𝑃𝑎) 
Resin strength at 300°C, 𝝈𝒎,𝑹 1.4 (𝑀𝑃𝑎) 
Initial load transfer factor, 𝚽𝑳𝑻 1.0 (−) 
Load transfer factor at 300°C, 𝚽𝑳𝑻 0.8 (−) 
Initial fibre bundle strength, 𝝈𝒇𝒃 1530 (𝑀𝑃𝑎) 
Fibre bundle 50% strength loss temperature, 𝑻𝟓𝟎% 347.8 (℃) 
Empirical constant from fibre bundle data, 𝑷𝒇𝒃 5.83 × 10
−3 (1 ℃⁄ ) 
Fibre bundle strength loss rate, 𝒌𝟏 1.81 × 10
−6 (1 𝑠⁄ ) 
Fibre bundle strength reduction parameter, 𝒌𝟐 1.45 × 10
−2 (1 ℃⁄ ) 
Effective length, 𝑳𝒆 420 (𝑚𝑚) 
4.5.6 Thermal Response of Laminates Exposed to Combined Compression Loading and 
One-Sided Heating 
Shown in Figure 4-26 are the temperature-time response curves of laminates for different 
thicknesses subject to applied compression load and 50 kW/m2 heat flux. In contrast to the 
temperature-time response for tension loads, when subject to compression loads the temperature-
time response does not show any stress dependence. Unlike tension loads, compression loads act to 
close cracks and suppress the migration of decomposition gases through the specimen thickness 
[118]. Similar thermal behaviour was observed for the laminate exposed to a 10 kW/m2 heat flux 
level. Ignition of the specimens was observed for the thin (4.5 mm) laminates. Combustion did not 
occur during testing for thicker laminates as they have a slower heating rate for the same heat flux 
when compared to thinner laminates, resulting in a reduced rate of production of decomposition 
gases for combustion. In the thicker laminates, ignition was observed post-failure due to rapid crack 
and void formation during failure allowing the sudden egress of large amounts of decomposition 
gases towards the heat exposed surface.  
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a) 
 
b) 
 
c) 
 
Figure 4-26:  Effect of applied compression load on the temperature-time profiles of a glass fibre laminate exposed to a 50 
kW/m2 heat flux for thicknesses of a) 4.5, b) 9 and c) 18 mm. 
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4.5.7 Mechanical Response of Laminates Exposed to Combined Compression Loading 
and One-Sided Heating 
The axial displacement-heating time curves for the laminates of different thicknesses subject to 
compression loading and one-sided heating are shown in Figure 4-27. The curves are for the 10 and 
50 kW/m2 heat flux levels, left and right respectively. The axial displacement behaviour of the 
specimens is the same for all heat flux levels and laminate thicknesses. The behaviour is 
characterised by thermal expansion in the axial direction due to exposure to a radiant heat flux and 
conduction through the laminate thickness (as discussed earlier). Continued heating causes 
significant softening, and when hot enough decomposition of the polymer matrix, resulting in a 
decrease in the axial expansion rate and eventually a decrease in axial expansion until specimen 
collapse occurs. Collapse can be brittle or gradual (ie. plastic) depending on the applied compression 
load and therefore heat flux exposure time. 
The degree of axial expansion is dependent on the applied load level, with low applied load levels 
allowing for greater axial expansion. This is in good agreement with similar compression fire tests 
conducted by other researchers [55, 139]. Axial expansion of the laminates also decreased with 
increasing heat flux. The higher rate of heating of the higher heat flux level leads to faster softening 
and decomposition of the polymer matrix resulting in faster collapse of the specimen and therefore 
reduced axial expansion.  
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b) 
  
c) 
  
Figure 4-27: Experimental axial extension-heating time curves for the glass fibre laminate composite exposed to a heat flux 
of 10 kW/m2 (left) and 50 kW/m2 (right) for thicknesses of a) 4.5, b) 9 and c) 18 mm.  
 
The out-of-plane displacement-heating time curves for the laminates of different thicknesses are 
shown in Figure 4-28. Positive displacements indicate deflection towards the heat source while 
negative values are deflection away from the heat source. The curves are for the 10 and 50 kW/m2 
heat flux levels, left and right respectively. The out-of-plane behaviour of the specimens is the same 
for all heat flux levels and laminate thicknesses. The behaviour is characterised by deflection 
towards the heat source due to the negative thermal gradient through-the-thickness and thermal 
expansion of the heated surface (as discussed earlier). This deflection was found to be stress 
dependent, with increasing compression stress increasing the magnitude of the deflection. 
Continued heating resulted in a reduced temperature gradient through the laminate thickness and 
degradation of the vinyl ester properties, both of which cause the laminate to bend away from the 
heating source (as discussed previously). Final collapse of the laminate results in significant out-of-
plane deflection towards or away from the heat source. In this instance deflection was mostly away 
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from the heat source; however this is most likely sensitive to any initial imperfection in the 
straightness and flatness of the specimen.  
a) 
  
b) 
  
c) 
  
Figure 4-28:  Experimental out-of-plane displacement-heating time curves for the glass fibre laminate composite exposed to 
a heat flux of 10 kW/m2 (left) and 50 kW/m2 (right) for thicknesses of a) 4.5, b) 9 and c) 18 mm. 
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As with previous investigations, X-ray CT was used to detect physical damage to the laminates 
following testing. Shown in Figure 4-29 to Figure 4-31 is the effect of a 10 kW/m2 heat flux and 
compression load for various laminate thicknesses. Damage due to global buckling or kink band 
formation, matrix cracking and delamination was evident in almost all specimens. 
Shown in Figure 4-29 is the effect of a low compression load (8 MPa) and exposure to the 10 kW/m2 
heat flux for laminates with thicknesses of 4.5, 9 and 18 mm. At low applied loads (<20 MPa), all 
laminates fail via kink band formation with fibre rotation due to softening of the polymer matrix.  
 
a) 
 
b) 
 
c) 
 
Figure 4-29:  X-ray CT scans of laminates with thicknesses of a) 4.5, b) 9 and c) 18 mm subject to a 10 kW/m2 heat flux and 
an 8 MPa compression load. The right side of the laminates was exposed to the heat flux. 
 
Increasing the applied load changed the failure mode of the laminate, and this was dependent on 
the thickness. For the thin laminate (4.5 mm) increasing applied load resulted in a change in the 
major failure mode from kink band formation to global buckling. For the medium thickness 
laminates (9 mm), increasing the applied load resulted in combined brittle kink band formation and 
global buckling. A reduction in modulus of the heat exposed plies resulted in a transfer of load to the 
unexposed plies causing the formation of a brittle kink band. The resulting eccentric loading caused 
global buckling of the remaining plies as shown by the cross-sectional X-ray CT in Figure 4-30. 
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Figure 4-30: X-ray CT scans of a 9 mm laminate displaying a multi-mode failure due to exposure to a 10 kW/m2 heat flux 
and a 25 MPa compression load. The right side of the laminate was exposed to the heat flux. 
 
For the thickest laminate (18 mm), increasing the compressive load changed the type of kink band 
formed at the onset of failure from plastic (with fibre bending) to brittle (with tension-compression 
fibre failure). There exists a transition region where both plastic and brittle failure occurs in the same 
specimen. This is due to the temperature gradient through the laminate thickness, and is most 
notable for the thickest laminate. Significant softening of the heat exposed surface allows for fibre 
rotation to occur, while limited softening of the unexposed surface prevents fibre bending from 
occurring.  The transition of failure modes for thick laminates is shown in Figure 4-31. 
a) 
 
b) 
 
c) 
 
Figure 4-31:  X-ray CT scans showing the transition of failure modes for a 18 mm laminate due to exposure to a 10 kW/m2 
heat flux and a compression load of a) 8, b) 60 and c) 100 MPa. The right side of the laminate was exposed to 
the heat flux. 
 
When the laminates were exposed to the higher heat flux (50 kW/m2), the failure pattern was the 
same with laminates subject to low applied load failing via formation of a plastic type kink band. 
Brittle type 
kink band 
Delamination 
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Increasing the applied load caused the failure mode to transition to global buckling, brittle kink band 
formation or a combination of both. The major difference between heat flux levels was the rate of 
heating and decomposition of the polymer matrix. 
The effect of thickness on time-to-failure of the laminate subject to compression load is shown in 
Figure 4-32 and Figure 4-33. The reduction in strength is due to the thermal softening of the polymer 
matrix. As with the fire tests conducted in the tension load condition, increasing the laminate 
thickness effectively reduced the average laminate through-thickness temperature resulting in a 
reduced softening rate and therefore longer time-to-failure. The 10 kW/m2 heat flux exhibits 
residual equilibrium strength while the 50 kW/m2 heat flux shows complete strength loss; this is due 
to the complete decomposition of the polymer matrix near the heated surface when subject to the 
higher heat flux level. As well as affecting the through-thickness thermal response, increasing the 
laminate thickness increased the second moment of area of the specimen which significantly 
affected the room temperature Euler buckling load of the laminate according to Eqn 6-10.  
Also shown in Figure 4-32 and Figure 4-33 are the predicted compression failure stresses for the 
laminates (solid curves). The curves were calculated using the thermal-mechanical models and the 
parameters in Table 4-1. The model predicts well the behaviour of the laminates with time-to-failure 
increasing with decreasing applied load level and increasing thickness. Good agreement exists 
between the model and experimental results in all cases for time-to-failure. The model predicts a 
change of failure mode from buckling to compression strength with decreasing applied load. 
However, the applied load level where the change of failure mode occurs is not well predicted. For 
the thick laminate (18 mm) global buckling failure is predicted for most of the applied load levels, 
however in reality global buckling did not occur at all; failure was due to brittle or plastic type kink 
band formation. It is possible that a compression strength model specific to the kink band failure 
mode will provide a better estimate. 
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Figure 4-32: Comparison of time-to-failure of a glass fibre laminate for different thicknesses subject to compression load 
and a 10 kW/m2 heat flux. Arrows indicate time-to-failures longer than 1 hr. The solid curves were calculated 
using the thermal-mechanical model. 
 
 
Figure 4-33: Comparison of time-to-failure of a glass fibre laminate for different thicknesses subject to compression load 
and a 50 kW/m2 heat flux. The solid curves were caluclated using the thermal-mechanical model. 
 
4.6 Conclusions 
The research presented in this chapter has proven for the first time that thickness plays an 
important role in the fire structural response of glass fibre laminates subject to tension and 
compression loads. The thickness affected the transient and steady-state thermal behaviour of the 
laminate which in turn affected the mechanical response. Increasing the thickness reduced the 
through-thickness softening rate of the laminate resulting in improved fire resistance. The laminate 
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thickness and applied load level were both found to affect the failure mode, particularly for 
compression load conditions.  
A thermal-mechanical model is able to calculate the tensile and compressive failure stresses of the 
laminate with reasonable accuracy. The model is assessed for different laminate thicknesses. The 
model predicts increasing time-to-failure with increasing thickness. This is in good agreement with 
the experimental results. Furthermore, the model predicts with good accuracy the time-to-failure of 
the laminates for all load conditions and thickness values tested. The thermal model has 
shortcomings when it is required to account for smouldering or flaming combustion, delamination 
and severe cracking, and the mechanical model does not predict well the failure mode change-over 
point for compression load conditions. 
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Chapter 5 - Stochastic Analysis of Composite Laminates in Fire 
Abstract 
Scatter in the time-to-failures of the glass fibre reinforced laminates exposed to fire-under-load 
conditions was noted in the two previous chapters. This chapter extends the research into the fire 
structural properties of polymer laminates by conducting experimental and analytical analysis to 
determine the cause for the scatter in the time-to-failures. The laminate consisted of E-glass fibres 
and a vinyl ester resin matrix. Variability in both the laminate and fibre properties was identified, 
and these were found to influence the scatter in the structural performance of the laminate exposed 
to fire. Scatter in the fire performance was found to be influenced by both the heat flux level and 
applied load level for both the tension and compression load conditions; with decreasing applied 
load or heat flux resulting in an increase in scatter. Increases in scatter typically occurred when 
approaching a residual strength limit or transition between softening mechanisms. 
A new statistical-based model to predict the scatter in the fire performance of a laminate when 
subject to tension and compression load conditions is developed and validated using experimental 
results. The accuracy of the model is compared against experimental data for validation; good 
agreement between the model and experimental results were observed, and shortcomings in the 
model identified. 
5.1 Introduction 
This chapter is a continuation of the investigation into the structural performance in fire of polymer 
composites. Although significant research to date has been conducted to assess the performance of 
composites in fire (as reported in Chapter 2), the research has focused on deterministic behaviour. It 
has been observed that significant scatter exists in the fire performance of composite materials [7, 
41, 47, 54, 139], although the magnitude and cause of the scatter has not been quantified nor 
determined. An example of scatter in the structural performance in fire of polymer composites is 
shown in Figure 5-1. The scatter may possibly originate from numerous sources, such as variations in 
constituent properties, fibre alignment and volume fraction, frictional effects between adjacent 
fibres, and the softening rate of the composite constituents. While the effect of each of these 
variations can be small, the combined effect of multiple or all may cause significant variation in the 
overall fire structural properties of the composite material. 
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Figure 5-1: An example of scatter in the time-to-failure of a glass fibre-vinyl ester laminate subject to tension load and 
various one-sided heat flux levels, two data points per test condition shown [59]. 
 
This chapter investigates the cause of scatter in the fire performance of a glass fibre reinforced 
laminate through experimental testing and evaluation. A statistical-based modelling approach is 
adapted to the existing deterministic models to analyse the scatter in the measured time-to-failures 
of the laminate. 
5.2 Fire Structural Testing of Glass Fibre Laminates 
5.2.1 Composite Material 
The laminate chosen for investigation was the same glass fibre-vinyl ester composite as used in 
Chapter 4 however; the laminate here had a thickness of 5.91 mm (10 plies). The laminate was made 
using plain woven E-glass fabric and unmodified vinyl ester resin (SPV 1265). The fibre warp tows in 
the fabric were aligned in the loading direction. The vacuum bag resin infusion (VBRI) process was 
used to fabricate the laminate. The laminate was cured under ambient conditions (23°C, 50% RH) for 
24 hours before being post-cured in an oven at 80°C for two hours. The fibre volume fraction was 
approximately 55% (SD 2.86%) determined using ASTM D3171. 
5.2.2 Geometric variation 
The laminate thickness, width and flatness were assessed by sampling 140 specimens. The variation 
in each parameter is shown in Figure 5-2. These are important to consider as they give insight into 
the repeatability of the specimen fabrication process. The laminate thickness was measured to vary 
between 5.54 and 6.37 mm with a mean and standard deviation of 5.91 and 0.17 mm respectively. 
The variation in laminate thickness is most likely due to variability in the ply positioning during the 
stacking process. The specimen width was measured to vary between 50.06 and 49.83 mm with a 
mean and standard deviation of 49.96 and 0.04 mm. The low variability of the specimen width is due 
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to the consistency of the water jet cutting process used to cut the specimens. The flatness of each 
specimen was assessed over the length of each specimen. Large variation was measured with a 
mean and standard deviation of 2.14 and 0.59 mm respectively. The variability in specimen flatness 
is attributed to residual strains during the laminate curing and post-curing process.  
a) 
 
b) 
 
c) 
 
Figure 5-2: Measured variability in a) thickness, b) width and c) initial imperfection for the glass fibre laminate. 
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Variability in the specimen geometry can manifest variation in the geometric controlled laminate 
parameters, such as fibre volume fraction and second moment of inertia. Shown in Figure 5-3 are 
the variability in fibre volume fraction (measured using ASTM 3171) and second moment of area due 
to the geometric scatter described above. The average fibre volume fraction was 54.88% with a 
standard deviation of 2.86%. The average second moment of area was calculated to 862.66 mm4 
with a standard deviation of 8.6%. This is particularly important for compression fire tests were the 
second moment of area directly affects the buckling load of the specimen. 
a) 
 
b) 
 
Figure 5-3: Measured variability in a) fibre volume fraction and b) second moment of area for the glass fibre laminate. 
 
Variations in filament diameter depend on the manufacturing technique. The diameter of the glass 
fibre filaments was measured using a Mitutoyo LSM-500S Laser Scan Micrometer (Figure 5-4), with a 
scan range of 5 to 2000 μm and accuracy of ±0.3 μm. Individual filaments were extracted from the 
glass fibre tows used to manufacture the composite and attached to a slide for scanning. Each 
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sample had a scan length of 40 mm and multiple filaments were measured in order to assess the 
variation in the glass fibre filament diameter. 
 
  
Figure 5-4: Photograph and schematic of the laser scan micrometer used to measure the diameter of glass fibre filaments. 
 
Shown in Figure 5-5 are the diameters of the E-glass fibre filaments measured via a laser scan 
micrometer. The filaments had an average diameter of 18.6 μm and a standard deviation of 1.4 μm. 
The glass filament diameters were confirmed by optical microscope; shown in Figure 5-6 is an optical 
micrograph of an E-glass filament.  
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Figure 5-5: Measured variability of the glass fibre filament diameter. 
 
Figure 5-6: Micrograph of an E-glass fibre filament. 
 
The strength of glass fibre filaments is flaw-controlled and its variance well documented [51, 141]. 
Variation of the filament diameter exists and its influence on strength assessed. The fracture stress 
of the E-glass filament can be related to mode I fracture toughness and cross-sectional dimensions 
via the relation [58]: 
𝜎𝑛 =
𝐾𝐼𝑐
𝑌(𝐷, 𝑎)√𝜋𝑎
 
Where KIc is the mode I fracture toughness and Y(D,a) is a geometry factor dependant on the 
filament diameter (D) and crack depth (a). For crack depths much smaller than the filament 
diameter, the geometry factor (Y) remains approximately constant [142]. Shown in Figure 5-7 is the 
measured variation in the crack depth to filament diameter ratio for two crack types (half-penny and 
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straight edge) for the E-glass fibres used in this investigation assuming an initial crack depth of 95 
and 40 nm, respectively [58]. Little variation can be seen and as such no significant variation is 
expected for the geometry factor (Y), thus the filament strength will not change significantly with 
filament diameter. The strength of the filaments is more likely to be influenced by the size and shape 
of the initial crack [142]. 
 
Figure 5-7: Measured variation in the crack depth to filament diameter ratio for half-penny and straight edge type cracks. 
 
5.3 Experimental Methodology 
5.3.1 Fire-Under-Load Testing 
The scatter of the laminate was assessed by performing multiple fire structural tests in the tension 
and compression load conditions. Two heat flux levels were chosen for testing: 10 and 35 kW/m2. 
These heat flux levels represent low and medium intensity fires respectively, and further information 
is found in Chapter 3. The heat flux levels remained constant during fire-under-load testing.  
It has been well documented that the magnitude of load applied during fire can greatly affect the 
time-to-failure of a material. As such the load applied to the specimen during testing was recorded. 
Due to the nature of hydraulic based test apparatuses some degree of fluctuation in the applied load 
is expected. The average recorded applied load was compared to the theoretical applied load. Figure 
5-8 shows difference between the experimental and theoretical applied load for specimens tested in 
tension (specimen no. 1 to 70) and compression (specimen no. 71 onwards), and the accuracy is 
excellent. The average applied load difference is 0.003 MPa (< 1 N) with a standard deviation of 
0.009 MPa, indicating the scatter in fire behaviour is not due to variations to the loading applied in 
the test fixture. 
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Figure 5-8: Measured difference between the theoretical and experimentally applied loads. 
 
5.3.2 Mechanical Testing 
The elevated temperature tensile and compression properties of the laminate were determined at 
temperatures between 20°C and 250°C using a 250 kN MTS and 50 kN Instron machines, 
respectively. As described in Chapter 3 and Chapter 4, the method for the tension properties was 
conducted in accordance with ASTM D3039 and the compression properties using a NASA short 
block compression test. The tensile stiffness and strength of the E-glass fibre tows was determined 
using a 10 kN Instron machine (Figure 5-9). The tensile strength was determined by performing tests 
on individual fibre bundles with a gauge length of 100 mm and at a loading rate of 2 mm/min. The 
2400 tex tows were extracted from the fabric used to manufacture the composite. Rollers (diameter 
150 mm) were used to gradually apply load to the tows via friction. The test was performed multiple 
times in order to assess the scatter in the initial fibre bundle strength. 
 
Figure 5-9: Testing machine used for tensile testing of fibre bundles. 
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A summary of the parameters considered in this chapter are given in Table 5-1. 
Table 5-1: Summary of the parameters considered through the stochastic analysis. 
Laminate Fibre   Mechanical 
Thickness Fibre volume fraction Applied load 
Width Fibre diameter  
Flatness Initial fibre bundle strength  
Second moment of area Fibre strength loss rate  
Modulus Fibre alignment  
 
5.4 Experimental Results and Discussion 
5.4.1 Experimental Determination of Scatter in Fire Behaviour 
Tension load condition 
The axial extension-heating time curves measured for multiple fire-under-load tests are shown in 
Figure 5-10 for different applied tension load levels, the tests were repeated 10 times. The curves 
are for the (a) 10 and (b) 35 kW/m2 heat flux levels. Specimens show an initial stage of extension due 
to thermal expansion, matrix softening and straightening of the woven fibre bundles, as reported in 
Chapter 4. The rate of extension initially decreases with increasing heating time due to the rate of 
heating approaching a steady-state value. A secondary stage of increasing rate of extension due to 
progressive fibre fracture is observed, and is characterised by an inflection point in the axial 
extension-heating time curve. 
The extension-heat flux exposure time curves give insight into the variability in the deformation 
response of the laminate subject to tension load and one-sided fire conditions. Close examination of 
the curves show low variability in first portion of the curve, ie: low variability due to matrix 
softening. However, the variability in the progressive fibre failure region is substantial. This indicates 
the variability is controlled in part or whole by scatter in the elevated temperature glass fibre 
properties. Scatter in the laminate fire behaviour decreased with increasing fire intensity (heat flux 
level). 
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a) 
 
b) 
 
Figure 5-10: Experimental axial extension-heating time curves for the laminate exposed to a heat flux of a) 10 kW/m2 and 
b) 35 kW/m2 for various tension load levels.  
 
Shown in Figure 5-11 are the experimental time-to-failure values for the laminate loaded in tension 
and subject to one-sided fire conditions of intensities 10 and 35 kW/m2. It is clear the scatter in the 
time-to-failure of the laminate increases with decreasing applied load. For the 10 kW/m2 heat flux 
the scatter becomes extremely large when the laminate approaches its minimum residual strength 
limit. The degree of scatter decreases with increasing heat flux level. 
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a) 
 
b) 
 
Figure 5-11: Time-to-failure of a glass fibre laminate for different tension load levels subject to a heat flux level of a) 10 
kW/m2 and b) 35 kW/m2. Arrows indicated time-to-failures longer than 2 hrs. 
 
Shown in Figure 5-12 are cumulative probability distribution plots measured for the time-to-failure 
of the laminate subject to tension load and one-sided fire conditions. The data points in Figure 5-12 
are experimentally determined time-to-failures. The curves are shown for high and low applied 
tension load levels, and can be defined by the cumulative density function (CDF): 
𝐹(𝑥) =
1
2
[1 + 𝑒𝑟𝑓 (
𝑥 − 𝜇
𝜎√2
)] (5-1) 
Where the heat flux exposure time at failure is 𝑥, 𝜇 is the mean and 𝜎 the standard deviation.  The 
normal probability density function (PDF) for this condition is: 
𝑓(𝑥) =
1
𝜎√2𝜋
𝑒
(𝑥−𝜇)2
2𝜎2  (5-2) 
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Decreasing applied load was shown to decrease the gradient of the CDF curves, particularly for the 
10 kW/m2 heat flux level, indicating increasing scatter in the time-to-failure of the laminate. The CDF 
curves combined with the scatter in the axial extension behaviour of the laminate reveals the need 
for statistical-based models to predict the response of loaded composite materials in fire. 
a) 
 
b) 
 
Figure 5-12:  Cumulative probability distribution plots for the glass fibre laminate subject to different tension load levels and 
a heat flux level of a) 10 kW/m2 and b) 35 kW/m2. 
 
Tension thermal response 
The thermal responses of the laminate for all applied tension load levels tested are shown in Figure 
5-13. The figures on the left and right are for the 10 kW/m2 and 35 kW/m2 heat flux, respectively. As 
expected, a single temperature increase is noticed for the low heat flux level, while the higher heat 
flux level shows an additional temperature increase due to smouldering combustion of the 
decomposing polymer matrix. Smouldering is denoted by an increase in temperature for both the 
front and back surfaces of the laminate. The temperature-time response of both heat flux conditions 
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shows good repeatability. There exists some variation in the temperature-time response of the 
laminates for the same load conditions. The variation exists mostly in the quasi-steady-state region, 
and appears to increase with heating time and decreasing stress. One possible cause for the 
variation could be the degree and position of matrix cracking and delamination, relative content of 
gases and decomposition behaviour (when present). Similar mechanical dependence on the thermal 
response has been noted in this research and by other authors [41].  
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d) 
 
h) 
 
Figure 5-13: Temperature-time profiles of the laminate subject to various applied tension load levels and exposed to a 10 
kW/m2 (left) and 35 kW/m2 (right) heat flux level.  
 
Compression mechanical response 
The axial displacement-heating time curves for the laminates subject to different compression loads 
and one-sided heating are shown in Figure 5-14. The axial displacement behaviour of the specimens 
is the same for all heat flux levels. As discussed in the previous chapter, the behaviour is 
characterised by thermal expansion due to exposure to a radiant heat flux and conduction through 
the laminate thickness. Further heating results in continued softening and decomposition of the 
polymer matrix as well as a reduction of the rate of thermal expansion. Thermal softening continues 
causing a loss in stiffness and progressive ply failure until specimen collapse occurs.  
Like the extension-heat flux exposure time curves measured for the tension load condition, the 
curves for compression give insight into the variability in the mechanical response of the laminate. 
The curves show the same trend with variability decreasing with increasing applied load, and 
increasing heat flux causing a decrease in scatter. Furthermore, the scatter occurs in the progressive 
ply failure region. 
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a) 
 
b) 
 
Figure 5-14:  Experimental axial extension-heating time curves for the laminate exposed to a heat flux of a) 10 kW/m2 and 
b) 35 kW/m2 for various compression load levels.  
 
The out-of-plane displacement-heating time curves for the laminates subject to compression loading 
and one-sided heating are shown in Figure 5-15. Positive displacements indicate deflection towards 
the heat source while negative values are deflection away from the heat source. The out-of-plane 
behaviour of the specimens is the same for all heat flux levels. The behaviour is characterised by 
deflection towards and then away from the heat source due to a negative thermal gradient through-
the-thickness, thermal expansion of the laminate heated surface, induced bending moment and a 
shift in neutral axis, as discussed in the previous chapter. Significant variability was observed for the 
out-of-plane behaviour for a given heat flux and applied load level. The variability decreased with 
increasing applied load and heat flux level.  
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a) 
 
d) 
 
b) 
 
e) 
 
c) 
 
f) 
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  g) 
 
Figure 5-15: Experimental out-of-plan displacement-heating time curves for the laminate exposed to a heat flux of 10 
kW/m2 and 35 kW/m2 (left and right respectively) for various compression load levels.  
 
Shown in Figure 5-16 are the experimental time-to-failure values for the laminate loaded in 
compression and subject to one-sided fire conditions of 10 and 35 kW/m2 heat flux levels. The 
scatter in the time-to-failure increases with decreasing applied load. Like the laminate subject to 
tension load conditions, the scatter becomes extremely large when the laminate approaches its 
minimum residual strength limit. For compression load conditions, the degree of scatter decreases 
with increasing heat flux level. 
Shown in Figure 5-17 are photographs of the failed specimens. Micro-buckling was the dominate 
failure mechanism for both heat flux levels, however for low applied load and a 35 kW/m2 heat flux 
level combined delamination and global buckling of the heat exposed plies occurred with micro-
buckling of the back plies. Very little variability was observed in the failure modes for both heat flux 
levels. Only two instances occurred where the failure mode changed to global buckling; this occurred 
once each for either heat flux level with an applied load of 5 MPa. Specimens that failed via global 
buckling are marked in red in Figure 5-16. 
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a) 
 
b) 
 
Figure 5-16:  Time-to-failure of a laminate for different compression load levels subject to a heat flux level of a) 10 kW/m2 
and b) 35 kW/m2.  
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a) 
 
b) 
 
Figure 5-17:  Photographs of failed specimens exposed to a heat flux of a) 10 kW/m2 and b) 35 kW/m2 for various applied 
compression loads.  
 
The cumulative probability distribution plots measured for the time-to-failure of the glass fibre 
laminate subject to compression load and one-sided fire conditions are shown in in Figure 5-18. The 
curves are defined by the cumulative density function (Eqn 5-1) and the data points are 
experimental time-to-failures. Like the tension load conditions, decreasing applied load reduced the 
gradient of the CDF curves indicating increasing uncertainty in the time-to-failure of the laminate. 
Combining the CDF curves and scatter in the axial and out-of-plane displacement behaviour of the 
laminate loaded in compression further illustrates the need for statistical-based models to predict 
the response of loaded composite materials in fire. 
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a) 
 
b) 
 
Figure 5-18: Cumulative probability distribution plots for the laminate subject to different compression load levels and a 
heat flux level of a) 10 kW/m2 and b) 35 kW/m2. 
 
Compression thermal response 
The thermal responses of the laminate for all applied compression load levels tested are shown in 
Figure 5-19. The figures on the left and right are for the 10 kW/m2 and 35 kW/m2 heat flux, 
respectively. Unlike the tension load conditions, smouldering combustion of the decomposing 
polymer matrix did not occur at the higher heat flux due to the short time-to-failures. That is the 
laminates collapsed before the onset of smouldering combustion. This was also due to the closure of 
matrix cracks which would typically promote the egress of combustible decomposition gasses 
towards the heat source. Like the thermal response under tension load conditions, there exists some 
variation in the thermal response. In addition to the possible explainations mentioned above, 
variation in the out-of-plane deformation of the laminate could also affect the thermal response 
when under compression load conditions.  
0
0.2
0.4
0.6
0.8
1
0 1800 3600 5400 7200
C
u
m
m
u
la
ti
ve
 P
ro
b
ab
ili
ty
 o
f 
Fa
ilu
re
 (
-)
Heat Flux Exposure Time (s)
5 MPa
10 MPa
0
0.2
0.4
0.6
0.8
1
0 200 400 600 800
C
u
m
m
u
la
ti
ve
 P
ro
b
ab
ili
ty
 o
f 
Fa
ilu
re
 (
-)
Heat Flux Exposure Time (s)
1 MPa
7.5 MPa
148 
 
 
a) 
 
d) 
 
b) 
 
e) 
 
c) 
 
f) 
 
Unheated surface 
Unheated surface 
Unheated surface Unheated surface 
Unheated surface 
Unheated surface 
Heated surface 
Heated surface 
Heated surface 
Heated surface 
Heated surface 
Heated surface 
149 
 
  g) 
 
Figure 5-19:  Temperature-time profiles of the laminate subject to various applied compression load levels and exposed to a 
10 kW/m2 (left) and 35 kW/m2 (right) heat flux level.  
 
5.4.2 Determination of Properties Controlling Fire Behaviour 
Multiple load-displacement curves for the E-glass fibre bundle testing are shown in Figure 5-20a. The 
tests were conducted at 20°C. Failure of the fibre bundles occurred gradually due to variability of the 
single fibre strength caused by variability in the size of existing flaws (commonly surface cracks) 
within the individual filaments, and frictional effects between adjacent fibres. The scatter in the 
failure load of the glass fibre bundles can be represented by the standard CDF (Eqn 5-1) and is shown 
in Figure 5-20b; the data points are experimentally determined time-to-failures. The corresponding 
normal PDF (Eqn 5-2) for the glass fibre bundle strength is: 
𝑓(𝜎𝑓𝑏) =
1
𝜎√2𝜋
𝑒
(𝜎𝑓𝑏−𝜇)
2
2𝜎2  (5-3) 
Where 𝜎𝑓𝑏 is the fibre bundle strength. The E-glass fibre bundles were found to have a mean 
strength of 749 N and a standard deviation of approximately 7%, which is in good agreement with 
the approximately 8% error reported in literature for E-glass fibre bundles [51]. The variability in the 
failure load and tensile stiffness of the E-glass fibre tows is shown in Figure 5-20c. The tow stiffness 
was measured over the linear portion of the load-displacement curves, ie: a displacement range of 3 
to 6 mm. The tows had a mean stiffness of 131 N/mm with a standard deviation of approximately 
7%; which correlates well with the variation in strength. 
 
Unheated surface 
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a) 
 
b) 
 
c) 
 
Figure 5-20: a) Multiple load-displacement curves, b) cumulative probability of tow failure and c) variation in tow strength 
and stiffness for E-glass fibre bundles. 
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The residual fibre bundle strength as a function of temperature and heat exposure time for the E-
glass bundles was measured by Feih et al. [52], and is shown in Figure 5-21. The glass fibre strength 
reduction is attributed to the growth of new and pre-existing flaws. Like the room temperature 
strength, significant scatter exists in the residual fibre bundle strength for different temperatures 
and heat exposure times. The cause of the scatter is most likely due to variation in the glass filament 
properties (as discussed above), and frictional affects between adjacent fibres. Assuming the 
strength of the bulk fibre material is the same for all fibres, the cause of this variation is most likely 
due to variability in the initial flaw size and flaw growth rate. 
 
Figure 5-21: Experimental results for E-glass fibre bundle strength as a function of temperature and time [52]. 
 
As well as scatter in the glass fibre properties, scatter in the laminate fibre volume fraction and the 
accuracy of ply stacking results in variability in the laminate modulus and strength. As mentioned 
earlier, a standard deviation of 2.86% was measured for the fibre volume fraction of the laminates 
and in a previous investigation fibre misorientation angles of up to 1.6 degrees were measured for 
the same manufacturing process (VBRI). Shown in Table 5-2 are the average and standard deviation 
values for the glass fibre laminate elevated temperature modulus and strength for both the tension 
and compression load conditions.  
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Table 5-2:  Standard deviation in the laminate experimentally determined elevated temperature modulus and strength for 
tension and compression loads. 
Temperature 
(°C) 
Tension Modulus 
(GPa) 
Tension Strength 
(MPa) 
Compression Modulus 
(GPa) 
Compression Strength 
(MPa) 
22 27.32 ±0.57 573.16 ±12.59 16.40 ±0.34 359.11 ±22.01 
50 20.29 ±0.33 556.86 ±39.49 15.56 ±0.13 312.62 ±10.82 
75 19.50 ±0.31 555.68 ±25.64 14.21 ±0.64 273.06 ±8.90 
100 17.13 ±0.14 546.04 ±17.42 9.30 ±0.62 111.20 ±7.90 
150 12.80 ±0.86 514.15 ±24.99 5.06 ±0.59 20.87 ±1.74 
200 11.09 ±0.51 505.56 ±17.98 3.68 ±0.53 14.16 ±0.89 
250 9.04 ±0.57 426.77 ±26.98 2.73 ±0.75 10.65 ±0.98 
 
5.5 Stochastic Analysis of Laminates in Fire 
The fire structural performance of the glass fibre laminates were assessed via the deterministic one-
dimensional thermal-mechanical models presented in previous chapters. Here, the compression and 
tensile models are built upon to assess the variation in the time-to-failure of the laminate under fire 
conditions. The thermal model is the same for both compression and tension load cases and is the 
same model discussed in previous chapters. 
5.5.1 Tension Analysis 
As introduced in previous chapters, the laminate strength as a function of temperature and time is 
calculated via the modified rule-of-mixtures equation (below). The tensile failure stress of 
composites in fire is dominated by the fibre reinforcement. As such, the variation in fibre and 
laminate properties must be accounted for in order to accurately predict the fire-structural 
performance. 
𝜎(𝑇, 𝑡) = Φ𝐿𝑇𝑉𝑓𝜎𝑓𝑏(𝑇, 𝑡) + (1 − 𝑉𝑓)𝜎𝑚(𝑇) (5-4) 
Assuming the variation in matrix properties to have little effect on the fire performance in the 
tension load condition; the variation must be accounted for by the temperature-time behaviour of 
the glass fibre reinforcement and its volume fraction. The equation dictating the temperature-time 
behaviour of the glass fibre bundles is reiterated here: 
𝜎𝑓𝑏(𝑡, 𝑇) = 𝜎𝑓𝑏(0) − 𝜎𝑙𝑜𝑠𝑠(𝑇) tanh(𝑘𝑓𝑏(𝑇)𝑡) (5-5) 
Where the strength loss (𝜎𝑙𝑜𝑠𝑠) and rate of strength loss (𝑘𝑓𝑏) are defined as functions of 
temperature via the equations below. The initial fibre bundle strength (𝜎𝑓𝑏(0)) can be 
mathematically described by the normal PDF presented earlier (Eqn 5-2). Here, it is assumed the key 
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contributors to the scatter in the fire performance of glass fibre laminates are the variation in initial 
fibre bundle strength and strength loss rate: 
𝜎𝑙𝑜𝑠𝑠(𝑇) =
𝜎𝑓𝑏(0)
2
+
𝜎𝑓𝑏(0) tanh (𝑝𝑓𝑏(𝑇 − 𝑇50%))
2
 
(5-6) 
𝑘𝑓𝑏(𝑇) = 𝑘1𝑒
𝑘2𝑇 (5-7) 
The rate of fibre strength loss is akin to the growth rate of pre-existing flaws in the glass filaments, 
and is an important parameter controlling the transient response of the residual fibre strength. A 
standard error of >50% and 8.8% in the parameters k1 and k2 for E-glass fibres has been noted in 
literature [59]. Shown in Figure 5-22 is the effect of small fluctuations (<10%) in the parameters 
controlling the rate of fibre strength loss, k1 (red dotted lines) and k2 (black dashed lines). The effect 
is negligible at low temperature, but increases rapidly with increasing temperature (particularly 𝑘2). 
 
Figure 5-22:  Plots of rate of fibre bundle strength loss against temperature for variations in k1 (red curves) and k2 (dashed 
curves). 
 
Shown in Figure 5-23 is a plot of fibre bundle strength against heat exposure time calculated with 
the upper and lower bound limits of parameters k1 and k2, and the curves agree well with the 
experimental fibre bundle strength data from Feih et al. (Figure 5-21). Importantly, the residual 
strengths of the fibre bundles are unaffected, but the rate at which strength is lost has changed. This 
is a good indication of variations in the softening rate and the initial flaw size of the glass fibres, 
which significantly impacts the degree of scatter in the fire response of glass fibre laminates in fire. 
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Figure 5-23: Calculated upper (red) and lower (blue) bound limits for E-glass fibre bundle strength as a function of 
temperature and time. 
 
The effect of variability in the fibre volume fraction, initial fibre bundle strength and fibre softening 
rate (k2) on time-to-failure of the laminate exposed to fire conditions is shown in Figure 5-24, for a 
heat flux level of 10 kW/m2. The curves were calculated using the upper and lower bound 
parameters in Table 5-3. As expected, the variation in fibre volume fraction and initial fibre bundle 
strength cause the predicted failure curve to shift vertically, while the variability in fibre bundle 
softening rate causes an increasing degree of scatter with increasing heat flux exposure time. The 
fibre volume fraction and fibre bundle softening rate have little influence on the time-to-failure for 
high applied loads, indicating the scatter in this region is dominated by the initial fibre bundle 
strength scatter. Decreasing the applied load results in an increase in importance of the fibre volume 
fraction and fibre bundle softening rate. The trends are similar when the laminate is exposed to a 35 
kW/m2 heat flux level. 
 
Table 5-3: Tension model parameters. 
Parameter Average 
Upper 
Bound 
Lower 
Bound 
Variation Source 
Fitted Parameter, k1 (s-1) 1.81E-06 1.81E-06 1.81E-06 N/A [59] 
Fitted Parameter, k2 (°C-1) 1.45E-02 1.32E-02 1.58E-02 ±8.8% (1SD) [59] 
Fibre Bundle Strength, σfb0 (MPa) 1530 [59] 1652 1407 ±8% (1SD) In-house 
Fibre Volume Fraction, Vf (-) 0.5488 0.5646 0.5332 ±2.86% (1SD) In-house 
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a)  
b)  c)  
Figure 5-24: Effect of variation in fibre a) volume fraction, b) initial fibre bundle strength and c) fibre bundle softening rate. 
 
Predictions of the performance of the glass fibre laminate subject to combined tension load and 
one-sided heating by fire are shown in Figure 5-25, for heat flux levels of 10 and 35 kW/m2. The 
model predictions using the mean laminate and constituent properties (solid curve) show good 
agreement with the experimental results, as reported previously. Taking into account the 
accumulative effect of variability in fibre volume fraction, initial fibre bundle strength, and the fibre 
softening rate (as discussed earlier, Figure 5-24) an upper and lower bound limit can be calculated 
for the fire performance (dashed and dotted curves respectively). The mean, upper and lower bound 
curves were calculated using the average, upper and lower bound parameters in Table 5-3 as input 
for the thermal-mechanical model. The model correctly predicts the scatter in the time-to-failure to 
increase with decreasing applied load, and agrees well with the experimental results. Furthermore, it 
was found that variability in the initial (room temperature) fibre bundle strength is the cause of 
scatter for the fire performance with high applied tension loads, while variability in the softening 
rate of the glass fibres is responsible for significant scatter at lower loads where temperature is 
elevated and exposure times long.  
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a) 
 
b) 
 
Figure 5-25:  Comparison of experimental and calculated time-to-failure of a glass fibre laminate for different tension load 
levels subject to a) 10 kW/m2 and b) 35 kW/m2 heat flux levels. 
 
5.5.2 Compression Analysis 
When loaded in compression two failure modes are prominent for laminated composite structures: 
Euler buckling and kink band formation. The compression model presented in the previous chapter 
predicts well the time-to-failure of the glass fibre laminate when subject to fire conditions; however 
the change of failure mode was not well predicted (particularly for high heat flux levels). It is 
proposed to use a micro-mechanics based compression strength model specific to micro-buckling 
and kinking to predict failure. Shown below is the Budiansky equation [143] for compression 
strength of unidirectional composites that fail via micro-buckling: 
𝜎𝑐 =
𝐺
1 + ?̅? 𝛾𝑦⁄
 (5-8) 
Where ?̅? and 𝛾𝑦 are the fibre misalignment angle and matrix shear strain at failure respectively. 
Here the misalignment angle is taken to be the laminate deflection caused by the laminate initial 
imperfection discussed above. 𝐺 is the effective shear modulus, and is given by: 
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𝐺 =
𝐺𝑚
1 − 𝑉𝑓
 (5-9) 
Where 𝐺𝑚 and 𝑉𝑓 are the matrix shear modulus and fibre volume fraction, respectively. It is 
assumed that the matrix properties are functions of temperature only and not time dependent. As 
such, to predict the compression failure of the laminates the matrix shear modulus is calculated as a 
function of temperature using the same semi-empirical equation used to calculated the Young’s 
modulus as a function of temperature (Eqn 4-2): 
𝐺𝑚(𝑇) = (
𝐺𝑚(0) + 𝐺𝑚(𝑅)
2
−
𝐺𝑚(0) − 𝐺𝑚(𝑅)
2
tanh (𝑘𝑚(𝑇 − 𝑇𝑔
′)))𝑅𝑟𝑐(𝑇)
𝑛 (5-10) 
where 𝑇 and 𝑇𝑔
′ are the instantaneous temperature and mechanical glass transition temperature 
respectively. 𝐺𝑚(0) and 𝐺𝑚(𝑅) are the initial and residual matrix shear moduli. 𝑘𝑚, 𝑅𝑟𝑐 and 𝑛 are an 
empirical constant describing the breadth of the temperature-modulus curve, the residual resin 
content during decomposition, and an empirical constant dependent on the relationship between 
mass loss and polymer matrix strength respectively. Therefore the equation for the effective shear 
modulus and compression strength can be written as functions of temperature: 
𝜎𝑐(𝑇) =
𝐺(𝑇)
1 + ?̅? 𝛾𝑦⁄
 (5-11) 
𝐺(𝑇) =
𝐺𝑚(𝑇)
1 − 𝑉𝑓
 (5-12) 
The matrix shear modulus is assessed at ‘𝑚’ equispaced locations through the laminate thickness for 
a given time interval. The residual average shear modulus of the laminate is determined by 
integrating across the ‘𝑚’ intervals using Simpson’s rule: 
   𝐺𝑚,𝑎𝑣 =
1
𝑡
∫ 𝐺𝑚,𝑥(𝑧). 𝑑𝑧
𝑡
0
  
        ≈
𝑡
3𝑚
(𝐺𝑚,𝑥(𝑧0) + 4𝐺𝑚,𝑥(𝑧1) + 2𝐺𝑚,𝑥(𝑧2) + ⋯+ 2𝐺𝑚,𝑥(𝑧𝑛−2) + 2𝐺𝑚,𝑥(𝑧𝑛−1)
+ 𝐺𝑚,𝑥(𝑧𝑛)) 
(5-13) 
The residual compression strength of the laminate when failure is due to micro-buckling and kinking 
is calculated via Eqn 5-8 for a given 𝐺𝑚,𝑎𝑣 and time step. When failure is due to Euler buckling the 
residual strength is calculated via the buckling equation (Eqn 4-4) introduced in the previous 
chapter. Again, it is assumed failure of the laminate will be governed by whichever failure mode 
requires the lowest stress. 
158 
 
The effect of variability in the modulus and second moment of area on time-to-failure of the 
laminate exposed to fire conditions is shown in Figure 5-26. The curves are shown for the buckling 
model subject to a 10 kW/m2 heat flux level. The curves were calculated using the upper and lower 
bound parameters in Table 5-4. Variations in the modulus and second moment of area have 
approximately equal influence on the time-to-failure predictions, with increasing either parameter 
resulting in an increase in time-to-failure. The trends are similar when the laminate is exposed to a 
35 kW/m2 heat flux level; however decomposition of the polymer matrix reduces the scatter in the 
Young’s modulus and second moment of area. 
a) 
 
b) 
 
Figure 5-26: Effect of variation in the laminate a) modulus and b) second moment of area. 
 
Table 5-4: Buckling model parameters. 
Parameter Average 
Upper 
Bound 
Lower 
Bound Variation Source 
Second Moment of Area, Ixx (mm4) 863 937 789 ±8.59% (1 SD) In-house 
Modulus, E0 (GPa) 25 25.75 24.25 ±3.00% (1 SD) Chapter 4 
Residual  Modulus, ER (GPa) 12 12.86 11.14 ±7.17% (1 SD) Chapter 4 
 
 
The effect of variability in the fibre volume fraction and misalignment angle on time-to-failure of the 
laminate exposed to fire conditions is shown in Figure 5-27. The curves are shown for the micro-
buckling model subject to a 10 kW/m2 heat flux level. The curves were calculated using the upper 
and lower bound parameters in Table 5-5. Variations in the fibre volume fraction were shown to 
have little effect on fire performance, which is expected due to the resin dominated nature of 
compression loaded composites. On the other hand, the initial imperfection angle had a significant 
effect resulting in large difference in fire performance for small changes in angle. When the laminate 
is exposed to a 35 kW/m2 heat flux level the trends are similar, however decomposition of the 
polymer matrix reduces the scatter. 
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a) 
 
b) 
 
Figure 5-27: Effect of variation in the laminate a) fibre volume fraction and b) initial misalignment angle. 
 
Table 5-5: Micro-buckling model parameters. 
Parameter Average 
Upper 
Bound 
Lower 
Bound 
Variation Source 
Misalignment Angle, φ (°) 0.5839 0.4229 0.7449 ±0.161° (1 SD) In-house 
Fibre Volume Fraction, Vf (-) 0.5488 0.5645 0.5331 ±2.86% (1 SD) In-house 
 
 
Shown in Figure 5-28 are the model predictions for the fire performance of the glass fibre laminate 
subject to compression load conditions and one-sided heating by fire for heat flux levels of 10 and 35 
kW/m2. The curves are for global buckling (blue curves) and micro-buckling (pink curves). When 
using the mean laminate and constituent properties (solid curves), the model predicts well the 
compression fire performance of the glass fibre laminate for both heat flux conditions. The model 
correctly predicts micro-buckling failure for all load levels tested. However, a small number of tests 
failed via global buckling for both heat flux level with an applied load of 5 MPa. For the 35 kW/m2 
heat flux condition there is a transition region between global and micro-buckling. This region is 
characterised by matrix decomposition, global buckling of delaminated plies, and micro-buckling of 
non-delaminated plies. The complex multi-mode failure occurs at different regions through the 
laminate thickness; however, the good modelling predictions suggest that failure is dominated by 
the micro-buckling plies and that the influence of global buckling is small.  
It is clear significant scatter exists in the fire performance of the glass fibre laminate for both heat 
flux levels. By accounting for variability in the properties of the laminate and its constituents and 
upper and lower bound fire performance can be calculated, and these are depicted by the dashed 
and dotted curves respectively. Here, the model accounts for variation in the initial imperfection of 
the samples, fibre volume fraction, modulus and second moment of area. The mean, upper and 
160 
 
lower bound curves were calculated using the average, upper and lower bound parameters in Table 
5-4 and Table 5-5 as input for the thermal-mechanical model. For the 10 kW/m2 heat flux the model 
correctly predicts increasing scatter with decreasing applied compressive stress. Furthermore, the 
upper and lower bound limits of the model captures well the scatter in fire performance, with both 
curves encapsulating the majority of experimental data points. For the 35 kW/m2 heat flux the 
model correctly predicts increasing scatter with decreasing applied load before predicting decreasing 
scatter as the residual strength tends to zero due to complete resin decomposition. As with the low 
heat flux level, the model upper and lower bound limits capture well the scatter in fire performance. 
The good agreement between the model and the experimental results suggest the failure mode and 
cause of scatter have been accurately assessed and determined. 
a) 
 
b) 
 
Figure 5-28:  Comparison of experimental and calculated time-to-failure of a glass fibre laminate for different compression 
load levels subject to a) 10 kW/m2 and b) 35 kW/m2 heat flux levels. 
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5.6 Conclusions 
The research presented in this chapter shows the laminate and constituent properties play an 
important role in the fire structural response of glass fibre polymer matrix laminates subject to 
tension and compression load conditions. When subject to tension load conditions the fire 
performance is dominate by the fibre reinforcement properties, and variations in these properties 
were found to be a significant contributor to the scatter in fire performance, particularly the fibre 
softening rate. Under compression load conditions variation in the matrix properties and fibre 
volume fraction were found to dominate the scatter in fire performance. Furthermore, the scatter in 
the fire performance increased with decreasing applied load or heat flux. 
A new statistically-based thermal-mechanical model is presented to predict the failure of glass fibre 
laminates subject to one-sided heating and compression load conditions. The model can predict well 
the fire structural behaviour of the laminate for all applied load levels and heat flux levels tested, 
including the scatter in their time-to-failures. The scatter in the fire performance of the laminate 
subject to tension and compression load conditions were assessed via the thermal-mechanical 
models and good agreement was achieved. Modelling results suggest the scatter in fire performance 
stems from variation in laminate and constituent properties. Multi-mode failure events often occur 
in fire tests and more complex mechanical models are required to capture these events. However, 
given the assumptions and simplicity of the current models the accuracy is good. 
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Chapter 6 – Fire Structural Response of Sandwich Composites 
Abstract 
An experimental and analytical investigation was conducted to examine the effect of core density on 
the deformation, time-to-failure and failure mode of sandwich composites loaded in tension and 
compression while subject to one-sided fire conditions. The sandwich composites were 
manufactured with glass fibre skins and rigid polyurethane foam core with the same thickness and a 
bulk density between 32 and 120 kg/m3. Both the thermal and mechanical responses of the 
sandwich composites when exposed to one-sided fire conditions were found to be influenced by the 
core density, load type and load magnitude. The core density influenced the through-thickness 
thermal response of the sandwich composite, notably affecting the temperatures of both the 
exposed and unexposed skins and in turn the mechanical response. Due to the density dependence 
of the thermal response, the time-to-failure of the sandwich composite increased with core density 
for both the tension and compression load conditions. However, the influence of core density 
decreased with increasing applied load. A thermal-mechanical model is used to calculate the change 
in modulus and tension failure stress of the sandwich composites at elevated temperature. The 
model accuracy was compared against experimental data for validation. The time-to-failure of the 
sandwich composite was predicted with reasonable accuracy for the tension load condition. 
6.1 Introduction 
This chapter is a continuation of the investigation into the fire structural performance of reinforced 
polymer composites. Here, the fire performance of sandwich composite materials is investigated. 
Modelling and experimental investigations have revealed that a materials fire performance is 
affected by the fire intensity, the applied load level and type, and geometric factors such as the 
thickness and fibre orientation, as reported in Chapter 2. This is the case for both laminates and 
sandwich composites. An important contributor to fire performance is the temperature-time 
response of the material and this can be greatly influenced by geometric parameters. As discussed in 
Chapter 4 for laminated composites, fire performance was affected by laminate thickness as it 
directly influences the temperature-time response of the material.  
The core material can have a strong influence on the thermal response of a sandwich composite, 
particularly those comprised of thin laminate skins and a relatively thick core. In sandwich 
composites, the core material can vary from natural woods and honeycomb structures to a myriad 
of synthetic foams with properties varying depending on the application. The sandwich composite in 
this investigation is comprised of glass fibre-vinyl ester laminate skins and polyurethane foam core; 
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both materials are finding increasing use in naval applications where fire can pose a significant risk. 
Polyurethane foam is being increasingly used in the naval sector (and many others) due to its good 
insulating properties, low water absorption, buoyancy, thermal stability, and its customisability to 
suit a vast array of applications. While significant research into the fire performance of sandwich 
composite materials has been conducted (as reported in Chapter 2), little research has investigated 
the effect of sandwich core properties on fire performance. This chapter presents an experimental 
and analytical investigation into the effect of core density on the fire structural response of sandwich 
composite materials, which has not been previously investigated. 
6.2 Thermal-Mechanical Modelling of Sandwich Composites in Fire 
6.2.1 Fire Structural Analysis of Sandwich Composites Loaded in Tension and 
Compression 
The fire structural performance of the glass fibre sandwich composites are assessed via a one-
dimensional thermal-mechanical model [41]. The through-thickness thermal response of the 
sandwich composite is calculated via a thermal model for a given time-step of a pre-defined time 
period. The temperature-time profile of the sandwich composite is then passed to the mechanical 
model to predict the mechanical response of the material subject to tension or compression loads. It 
is assumed the thermal behaviour of the laminate skins is independent of the applied load and 
induced damage, and the foam core strength is negligible. Here, changes in residual strength of the 
constituents of the skins at various locations through-the-thickness due to thermal exposure are 
calculated before the residual strength of the sandwich composite is approximated by averaging the 
through-thickness residual strengths of the laminate skins for a given time-step. The modulus and 
strength data used in the modelling process is the same as that used for E-glass fibre/vinyl ester 
laminates investigated in the previous three chapters. 
Thermal Model 
The temperature-time profile of the sandwich composite through-the-thickness is calculated via a 
modified version of the one-dimensional model developed by Gibson et al. [68] and Henderson et al. 
[71] for composite laminates presented in previous chapters. The governing one-dimensional 
equations for the temperature-time profile of the laminate skins and core are expressed by: 
Skins:    𝜌𝐶𝑝,𝑠
𝜕𝑇
𝜕𝑡
=
𝜕
𝜕𝑧
(𝑘𝑠
𝜕𝑇
𝜕𝑧
) −
𝜕𝑀𝑠
𝜕𝑡
(𝑄𝑃,𝑠 + ℎ𝐶,𝑠 − ℎ𝐺,𝑠) − ?̇?𝑔
𝜕
𝜕𝑧
ℎ𝐺,𝑠 
(6-1a-b) 
Core:    𝜌𝐶𝑝,𝑐
𝜕𝑇
𝜕𝑡
=
𝜕
𝜕𝑧
(𝑘𝑐
𝜕𝑇
𝜕𝑧
) −
𝜕𝑀𝑐
𝜕𝑡
(𝑄𝑃,𝑐 + ℎ𝐶,𝑐 − ℎ𝐺,𝑐) − ?̇?𝑔
𝜕
𝜕𝑧
ℎ𝐺,𝑐 
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where the subscripts 𝑠 and 𝑐 denote the skins and core, respectively. 𝑇, 𝑡 and 𝑧 are the temperature, 
time and distance from the heated surface, respectively. 𝜌, 𝐶𝑝 and 𝑘 are the density, specific heat 
capacity and thermal conductivity of the skins and core. 𝑄𝑃 is the decomposition energy, ℎ𝐶  and ℎ𝐺 
are the skin/core and decomposition gas enthalpies, and ?̇?𝑔 is the mass flux of volatiles. The three 
terms on the right relate to heat conduction, decomposition and convection of decomposition gases, 
respectively. 
Failure Criterion 
When exposed to a one-sided heat flux a thermal gradient through-the-thickness is generated 
causing thermal softening of the sandwich composite skins and core. Due to the unsymmetrical 
heating the softening rates of each skin and core is different. For sandwich composites the through-
thickness temperature gradient can be significant, due largely to the core thickness and its thermal 
properties, causing unsymmetrical loss of stiffness and load distribution. Analysis of the sandwich 
composite under an equally strained load condition, (assuming the core strength to be negligible), 
reveals the stress distribution between the two skins due to unsymmetrical loss of stiffness as: 
Front skin:   𝜎𝑠1 =
2𝐸𝑠1
𝐸𝑠1+𝐸𝑠2
𝜎𝑎𝑝𝑝𝑙𝑖𝑒𝑑 
(6-2a-b) 
Back skin:    𝜎𝑠2 =
2𝐸𝑠2
𝐸𝑠1+𝐸𝑠2
𝜎𝑎𝑝𝑝𝑙𝑖𝑒𝑑 
Where the subscripts 𝑠1 and 𝑠2 refer to the heat exposed and unheated skins respectively, and 𝐸 is 
the skin modulus as a function of temperature calculated using Eqn 4-2 and Eqn 4-3. This is similar to 
the stress distribution developed by Anjang et al. [41]. Furthermore, analysis of the forces applied to 
the sandwich composite results in the following load condition: 
𝐹𝑎𝑝𝑝𝑙𝑖𝑒𝑑 = 𝐹𝑠1 + 𝐹𝑠2 (6-3) 
where  𝐹 = 𝜎𝐴  
and therefore 
𝜎𝑎𝑝𝑝𝑙𝑖𝑒𝑑 =
1
2
(𝜎𝑠1 + 𝜎𝑠2) 
(6-4) 
Failure of the sandwich composite is defined as the point at which the residual strength is less than 
the applied load, ie: 
𝜎𝑅 < 𝜎𝑎𝑝𝑝𝑙𝑖𝑒𝑑 (6-5) 
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Substituting for the applied stress (Eqn 6-4) and residual strength of each skin (Eqns 6-2) we derive 
the following failure condition. Ie: the contribution of residual strength from a skin is proportional its 
change in modulus. 
𝜎𝑅 <
𝐸𝑠1
𝐸𝑠1 + 𝐸𝑠2
𝜎𝑅,𝑠1 +
𝐸𝑠2
𝐸𝑠1 + 𝐸𝑠2
𝜎𝑅,𝑠2 (6-6) 
Where 𝜎𝑅,𝑠1 and 𝜎𝑅,𝑠2 are the residual skin strengths due to weakening of the skin constituents 
caused by thermal exposure as functions of temperature and time calculated using the analysis 
introduced in Chapters 3, 4 and 5. It is assumed each skin has the same cross-sectional area and the 
load-bearing area for the applied load is twice that of each skin. 
Tension Modelling 
When subject to one-sided fire conditions and mechanical load the temperature-time response of 
the laminate skins dominate the sandwich composite strength. The residual strength of the fibre and 
matrix in the exposed and unexposed skins due to thermal exposure are analysed using the same 
methodology discussed previously. When subject to tension load conditions, the sandwich 
composite strength is largely controlled by the glass fibre residual strength. The governing equation 
for the residual strength of the sandwich skins is reiterated here: 
𝜎1(𝑇, 𝑡) = Φ𝐿𝑇𝑉𝑓𝜎𝑓𝑏(𝑇, 𝑡) + (1 − 𝑉𝑓)𝜎𝑚(𝑇) (6-7) 
The residual strength of each laminate skin is assessed at ‘𝑚’ equispaced locations through the 
thickness for a given time interval and relevant failure mode equation. The residual strength of each 
laminate skin is determined by integrating across the ‘𝑚’ intervals using Simpson’s integration: 
   𝜎𝑅,𝑎𝑣 =
1
𝑡
∫ 𝜎𝑅,𝑠(𝑧). 𝑑𝑧
𝑡
0
  
        ≈
𝑡
3𝑚
(𝜎𝑅,𝑠(𝑧0) + 4𝜎𝑅,𝑠(𝑧1) + 2𝜎𝑅,𝑠(𝑧2) + ⋯+ 2𝜎𝑅,𝑠(𝑧𝑛−2) + 2𝜎𝑅,𝑠(𝑧𝑛−1)
+ 𝜎𝑅,𝑠(𝑧𝑛)) 
(6-8) 
6.3 Fire Structural Testing of Glass Fibre Sandwich Composites 
6.3.1 Sandwich Composite Material 
The sandwich composite chosen for investigation comprised of glass fibre laminate skins and a rigid 
polyurethane foam core. The laminate skins were the same as that used in Chapter 4 and Chapter 5 
made using woven E-glass fibres and vinyl ester resin (SPV 1265). The polyurethane foam core was 
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supplied from Rigitech (Quarter Past Co Pty Ltd). The glass fibre fabric and polyurethane foam core 
used in this study are shown in Figure 4-1 and Figure 6-1, respectively.  
 
Figure 6-1: Rigid polyurethane foam core used in the sandwich material. 
 
The glass fibre fabric skins were stacked into preforms such that the warp tows were all aligned in 
the loading direction. The stacked glass fabric was co-infused and bonded to the polyurethane foam 
core with vinyl ester resin at room temperature using the vacuum bag resin infusion (VBRI) process. 
The sandwich composite was allowed to cure under ambient conditions (23°C, 50% RH) for 24 hours 
before being post-cured in an oven at 80°C for two hours. The geometry of the sandwich specimens 
used is shown in Figure 6-2. Three densities of polyurethane foam core were used: 32, 75 and 120 
kg/m3. The thickness of the laminate skins and core were 1.84 (3 plies) and 10 mm, respectively. The 
core in the ends of the specimens was replaced with glass fibre composite to avoid core crushing by 
the hydraulic operated grips. The elevated temperature properties of the laminate used for the skins 
and its’ constituents were determined previously; the reader is referred to Chapter 4 and Chapter 5 
for more information. The mechanical properties of the polyurethane core were assumed to be 
negligible compared to the laminate skins and as such were not assessed. 
167 
 
 
Figure 6-2: Geometry and dimensions of the polyurethane foam core sandwich composite. 
 
6.4 Experimental Methodology 
6.4.1 Fire-Under-Load Testing 
The fire performance of the sandwich composites was assessed by performing fire structural tests in 
tension and compression. Testing was conducted for two heat flux levels: 25 and 50 kW/m2. These 
heat flux levels represent a medium and high intensity fire respectively. The 25 kW/m2 heat flux 
results in partial decomposition of the polyurethane foam core, while the 50 kW/m2 heat flux results 
in complete decomposition of the core material. The temperature-time profiles of the heating 
element for the 25 and 50 kW/m2 heat flux levels are shown in Figure 6-3. The repeatability of each 
heat flux condition was assessed by recording several temperature-time profiles of the heater 
element. The temperature profiles showed excellent repeatability, with variation of the steady-state 
value within ±9°C and ±8°C for the 25 and 50 kW/m2 heat flux levels, respectively. 
 
Figure 6-3: Temperature-time profiles of the heating element for 25 and 50 kW/m2 heat flux levels. 
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6.5 Experimental Results and Discussion 
6.5.1 Thermal Response of Sandwich Composites Exposed to Combined Tension 
Loading and One-Sided Heating 
Shown in Figure 6-4 is the thermal response of the sandwich composite for different core densities 
subject to tension loading and the 25 and 50 kW/m2 heat fluxes, left and right respectively. 
Smouldering combustion of the polymer matrix and foam core occurred for all core densities and 
heat fluxes; indicated by the secondary increase in temperature on the front and back surfaces. 
Here, smouldering combustion is defined as the slow, low-temperature, flameless form of 
combustion, sustained by the heat evolved when oxygen directly attacks the surface of the 
composite. Flaming combustion of the decomposition gasses did not occurred during testing 
however, ignition events did occur upon explosive failure of the composite. As observed in the 
previous chapters for laminated composites, the thermal response of sandwich composites was 
dependent on the applied tension load. Increasing applied load caused an intensification of 
delamination as well as cracking in the matrix, core and char phases leading to an increased 
availability of decomposition gases for combustion, as a result a decrease in time-to-smouldering 
combustion and therefore an increase in temperature occurred. Also shown in Figure 6-4 are the 
temperature-time profiles of the composite in the unloaded condition calculated using the thermal 
model, (dashed and dotted lines). The agreement between the calculated and experimental 
temperatures is reasonable. The thermal model under-predicts the temperature as it cannot 
simultaneously account for both the endothermic decomposition of the vinyl ester resin and the 
decomposition of the polyurethane foam core which is exothermic [92, 125, 133]. Here, only the 
endothermic decomposition of the vinyl ester resin is account for in the model, as discussed later. 
Furthermore, the model cannot capture the temperature rise caused by combustion of the 
decomposition gasses which greatly affects the temperature of any material in fire conditions.  
Figure 6-5 shows the effect of core density on the thermal response of a sandwich composite subject 
to a 25 MPa, 50 MPa and 100 MPa tension load for the 25 and 50 kW/m2 heat fluxes, left and right 
respectively. The heating rate of the heat exposed skin is largely driven by the radiant heat flux and 
therefore unaffected by the foam core density; the through-the-thickness heating rate however 
decreases with increasing core density for both heat fluxes. This is evident by the decrease in the 
heating rate of the unexposed skin with increasing core density. The reducing heating rate is due to 
the density dependence of thermal response of the polyurethane foam, particularly ignition 
resistance, flame-spread and thermal stability [92, 125]. For very high applied tension loads (>100 
MPa), no significant density dependence was observed as heating times were not long enough to 
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allow significant heat conduction to the unexposed skin, as failure was dominated by the thermal 
softening of the heat exposed skin. 
a) 
 
 
 
b) 
 
 
 
c) 
 
 
 
Figure 6-4: Experimental temperature-time profiles of the heat exposed and unexposed faces of the sandwich composite 
loaded in tension and exposed to a heat flux of 25 kW/m2 (left) and 50 kW/m2 (right) for densities of a) 32 
kg/m3, b) 75 kg/m3 and c) 120 kg/m3. The dasked and dotted curves show the calculated front and back face 
temperatures using the thermal model.  
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a) 
 
 
 
b) 
 
 
 
c) 
 
 
 
Figure 6-5: Experimental temperature-time profiles of the heat exposed and unexposed faces of the sandwich composite for 
different densities subject to a heat flux of 25 kW/m2 (left) and 50 kW/m2 (right) and an tension load of a) 25 
MPa, b) 115 MPa and c) 235 MPa. 
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Under smouldering combustion conditions both the heat exposed and unexposed skins showed 
density dependence, with decreasing core density resulting in an increased heating rate. This was 
due to the density dependent thermal response of the polyurethane foam discussed previously. 
Furthermore, in comparison to the high density foam, the low density foam has a significantly larger 
void content, once damaged due to combined tension loading and heat exposure the larger void 
content of the low density foam allows easier flow of decomposition gasses through the sandwich 
composite where they can ignite resulting in an increased heating rate relative to the higher density 
foams. This resulted in a decrease in time-to-smouldering combustion with decreasing density, as 
can be seen in Figure 6-6 for both the 25 and 50 kW/m2 heat fluxes.  
a) 
 
b) 
 
Figure 6-6 Effect of core density and applied tension load on time-to-smouldering combustion for a heat flux of a) 25 
kW/m2 and b) 50 kW/m2. Solid curves are lines-of-best fit.  
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6.5.2 Mechanical Response of Sandwich Composites Exposed to Combined Tension 
Loading and One-Sided Heating 
When subject to combined static tensile loading and exposure to heating by a one-sided heat flux 
the sandwich composite experiences thermal softening, decomposition and damage resulting in 
axial deformation. Figure 6-7 shows the axial deformation-time response of the sandwich composite 
subject to different tensile loads when exposed to a heat flux of 25 or 50 kW/m2, left and right 
respectively. Upon exposure to the radiant heat flux, all the sandwich composite specimens showed 
an initial rapid axial deformation due to thermal expansion of the resin, fibres and polyurethane 
foam core, as well as straightening of the woven fibre reinforcement. As thermal equilibrium is 
approached the axial deformation rate reduces. With continued heat flux exposure, the effects of 
temperature dependent decomposition and temperature-time dependent thermal weakening of the 
fibre reinforcement caused a secondary period of increasing axial deformation rate until failure 
occurs. When the applied load is large enough, the rate of expansion of the sandwich composite 
continues to increase until failure occurs. For very high applied loads, brittle failure results from 
softening of the polymer matrix and minor weakening of the fibre reinforcement. Reducing the 
applied load results in progressive failure of the load-bearing skins due to significant thermal 
weakening of the glass fibres. The progressive failure (depicted by the stepping nature of the axial 
deformation-time curve), can occur in a filament-by-filament or ply-by-ply fashion depending on the 
applied load and heat flux level. 
The failure of a sandwich composite subject to one-sided fire conditions is affected by the heat flux 
magnitude and applied tensile load. Also of importance is the load distribution between the heat-
exposed and unexposed skins caused by unsymmetrical loss of stiffness, Eqn 6-3. The loss of stiffness 
is driven by thermal softening and decomposition of the polymer matrix. Once the polymer matrix 
has decomposed a symmetric load distribution exists. This complex loading condition results in three 
possible failure modes, in order of decreasing applied load these are: (I) a single stage failure 
initiated by the failure of the unexposed skin due to load redistribution according to Eqn 6-3 caused 
by a reduction in stiffness of the heat exposed skin, (II) a single stage failure under an even load 
distribution initiated by the heat exposed skin due to complete softening of the polymer matrix on 
both skins and unsymmetrical fibre softening, and (III) a two stage failure event following the same 
mechanisms as (II). In this instance the applied load is low enough that once the heat exposed skin 
has failed the residual strength of the unexposed skin remains greater than the applied load. This is 
in good agreement with the research conducted by Anjang et al. [41] for sandwich composites with a 
balsa wood core.  
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a) 
 
 
 
b) 
 
 
 
c) 
 
 
 
Figure 6-7: Experimental axial displacement-time curves of the sandwich composite loaded in tension and exposed to a heat 
flux of 25 kW/m2 (left) and 50 kW/m2 (right) for densities of a) 32 kg/m3, b) 75 kg/m3 and c) 120 kg/m3. 
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The effect of core density on the axial displacement-heating time curves is shown in Figure 6-8 for 
several tension load levels and both heat fluxes. Examination of the axial displacement of the 
sandwich composite when subject to a low applied load (25 MPa) shows clear dependence on the 
core density. This is attributed to the difference in the through-thickness heating rate caused by the 
density dependent thermal response of the polyurethane under combustion conditions, and 
therefore the rate of heating of the unexposed skin. The effect of density on the axial displacement 
diminishes with increasing applied load. This is in good agreement with the diminishing dependence 
of density on the thermal and decomposition response of the sandwich composite discussed earlier. 
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c) 
 
 
 
Figure 6-8: Experimental axial displacement-time curves of the sandwich composite for different densities subject to a heat 
flux of 25 kW/m2 (left) and 50 kW/m2 (right) and an tension load of a) 25 MPa, b) 115 MPa and c) 235 MPa. 
 
Show in Figure 6-9 is the effect of core density on time-to-failure of the sandwich composite for a 25 
kW/m2 heat flux. As expected, decreasing applied load was shown to increase time-to-failure. 
Furthermore, three regions of behaviour are observable: (I) a region of rapid strength loss, (II) a 
secondary region of reduced strength loss, and (III) a region of gradual strength loss tending to 
equilibrium. The strength loss in region I is attributed to thermal softening of the polymer matrix in 
the heat exposed skin prior to significant decomposition, and is characterised by mode I failure. 
Region II includes significant decomposition of the heat exposed skin as well as complete softening 
of the unexposed skin, and is characterised by mode II failure. Region III is dominated by the effects 
of smouldering combustion causing an increasing rate of strength loss in the glass fibres; this region 
is characterised by mode III failure. The sandwich composite containing the highest density foam 
consistently showed longer time-to-failures than the lower core densities due to the reduced 
heating rate of the unexposed skin (discussed earlier), and therefore the reduced softening rate. 
However, in light of the scatter in the fire performance of glass fibre laminates discussed in chapter 
5 it is difficult to distinguish clear density dependence in the time-to-failures.  
The effect of core density on time-to-failure of the sandwich composite subject to a one-sided heat 
flux of 50 kW/m2 is shown in Figure 6-10. The strength reduction exists in three regions: (I) rapid 
strength loss, (II) significant strength loss, and (III) a tertiary strength loss region tending to 
equilibrium. Due to the more intense smouldering combustion of the polymer core when subject to 
the higher heat flux, which is dependent on core density, the density dependence in the time-to-
failure of the sandwich composite is more obvious when exposed to the 50 kW/m2 heat flux. 
Increasing density resulted in increased time-to-failure for the sandwich composite due to a reduced 
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rate of heating of the unexposed skin. This behaviour is best observed in region III, and diminishes 
with increasing applied load as the failure mode of the sandwich composite becomes increasingly 
dependent on solely the thermal softening of the heat exposed skin. 
 
 
Figure 6-9: Time-to-failure of a sandwich composite for different core densities subject to tension load and a 25 kW/m2 heat 
flux. Arrows indicate time-to-failures greater than 2 hrs.  
 
 
Figure 6-10: Time-to-failure of a sandwich composite for different core densities subject to tension load and a 50 kW/m2 
heat flux.  
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the model due to the inability of the model to account for both the endothermic decomposition of 
the vinyl ester resin and exothermic decomposition of the polyurethane foam core. As such, only the 
endothermic decomposition of the vinyl ester resin was accounted for as this is significant in all 
three failure modes, particularly modes I and II. Furthermore, polyurethane foams decompose via a 
two- or three-stage process [92, 133], and the thermal model used here can only model a single-
stage decomposition event. As a result the predicted time-to-failure curves for the three densities 
are very similar. Despite the short comings of the model, predictions of time-to-failure are 
reasonable for single stage failure events (mode I and II), where failure is strongly influenced by the 
heat exposed skin. However, for two stage failure events (mode III) the model predicts failure less 
well. This is due to the model short comings discussed above, as well as the presence of smouldering 
or flaming combustion which are density dependent for polyurethane foams and are not accounted 
for by the thermal model. 
 
Table 6-1: Parameters used to solve the thermo-mechanical model and predict the fire structural behaviour of the laminate. 
Parameter Value Units 
Decomposition reaction constant, 𝑨 1.69 × 108 (1 𝑠⁄ ) 
Decomposition activation energy, 𝑸 135000 (𝐽 𝑘𝑔 𝑚𝑜𝑙⁄ ) 
Order of decomposition, 𝒏 1 (−) 
Thermal conductivity, 𝒌 1500 (𝑊 𝑚𝐾⁄ ) 
Specific heat, 𝑪𝒑 0.022 (𝑘𝐽 𝑘𝑔𝐾⁄ ) 
Remaining resin content, 𝑹𝒓𝒄 0.08 (−) 
 
6.5.3 Thermal Response of Sandwich Composites Exposed to Combined Compression 
Loading and One-Sided Heating 
The temperature-time response curves of the sandwich composite with different core densities 
exposed to a heat flux of 25 and 50 kW/m2 and compression load is shown in Figure 6-11. In contrast 
to the temperature-time response under tension loading, compression loading shows no sign of 
stress dependence although the stress levels are very low. As discussed previously, volatile gas 
migration through the composite is suppressed by compression loads acting to close cracks that 
would otherwise be used for gas migration; unlike for tension loads where gas migration is 
promoted by crack opening. No stress dependence for the temperature-time response of the 
unexposed skins was observed, and this is most likely due to inadequate heating due to the very 
short time-to-failures in the compression load condition. Ignition or flaming combustion seldom 
occurred; although one case is shown in Figure 6-11b for the 50 kW/m2 heat flux. While the heat 
exposed skin shows a large temperature increase, the unexposed skin shows negligible change in 
temperature due to the insulating effect of the polyurethane foam core.  
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a) 
 
 
 
b) 
 
 
 
c) 
 
 
 
Figure 6-11: Experimental temperature-time profiles of the heat exposed and unexposed faces of the sandwich composite 
loaded in compression and exposed to a heat flux of 25 kW/m2 (left) and 50 kW/m2 (right) for densities of a) 
32 kg/m3, b) 75 kg/m3 and c) 120 kg/m3.  
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A comparison of temperature-time responses for the sandwich composite with different core 
densities and subject to compression load is shown in Figure 6-12. For very low applied load levels, 
increasing core density reduced the heating rate of the unexposed skin. As with the sandwich 
composite under tension loads, this is due to the density dependence of the thermal response of the 
polyurethane foam core. For load conditions with time-to-failures less than approximately 200 
seconds no appreciable difference in heating rate of the unexposed skin is observed. 
a) 
 
d) 
 
b) 
 
e) 
 
Figure 6-12: Experimental temperature-time profiles of the heat exposed and unexposed faces of the sandwich composite 
for different densities subject to a heat flux of 25 kW/m2 (left) and 50 kW/m2 (right) and a compression load 
of a) 1 MPa and b) 4.5 MPa.  
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the 25 and 50 kW/m2 heat flux levels, left and right respectively. The axial displacement behaviour of 
the sandwich composite generally follows the typical behaviour for laminated composites in fire, as 
reported in the previous chapters. The sandwich composites expand axially due to thermal 
expansion of the laminate skins and polymer foam core. The degree of axial expansion is dependent 
on the applied load level and heat flux, with axial expansion increasing with decreasing applied 
compressive load or heat flux. Continued heat exposure causes softening and decomposition of the 
polymer matrix and foam core, and consequently the rate of axial expansion decreases until 
specimen collapse commences. 
Four failure modes were observed for the sandwich composite. In order of decreasing applied load 
these are: (I) core shear cracking, (II) global buckling, (III) failure of the heat exposed skin followed by 
immediate failure of the unexposed skin, and (IV) a two-stage failure initiated by failure of the heat 
exposed skin followed by delayed failure of the unexposed skin. Core shear cracking only occurred 
for the highest density core with an applied load of 14 MPa, while global buckling occurred at 
multiple load levels (medium-high) and for all core densities. Collapse of the heat exposed skin 
always occurs first due to thermal softening and decomposition of the polymer matrix. Upon failure 
of the heat exposed skin, the applied load is transferred to the unexposed skin. If the residual 
strength of the unexposed skin is sufficient the composite can continue to maintain the redistributed 
load until the unexposed skin inevitably softens, decomposes and collapses.  
Shown in Figure 6-14 are the out-of-plane displacement-time curves for the sandwich composite 
with different densities. Positive displacements indicated deflection towards the heat source. The 
curves are for the 25 and 50 kW/m2 heat fluxes, left and right respectively. All specimens initially 
deflect towards the heat source due to thermal expansion of the heat exposed skin. The initial 
deflection increases with increasing applied load due to an increase in bending moment resulting 
from a shift in the neutral axis and thus eccentric loading. A deflection away from the heat source 
follows due to degradation of the vinyl ester properties, a decreasing thermal gradient through-the-
thickness, and softening of the polyurethane foam core. Out-of-plane deflection continues until final 
collapse of the sandwich composite. The final deflection is typically away from the heat source due 
to the eccentric load resulting from the loss of load-bearing capacity of the heat exposed skin. 
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a) 
 
 
 
b) 
 
 
 
c) 
 
 
 
Figure 6-13: Experimental axial displacement-time curves of the sandwich composite loaded in compression and exposed to 
a heat flux of 25 kW/m2 (left) and 50 kW/m2 (right) for densities of a) 32 kg/m3, b) 75 kg/m3 and c) 120 
kg/m3. 
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a) 
 
 
 
b) 
 
 
 
c) 
 
 
 
Figure 6-14: Experimental out-of-plane displacement-time curves of the sandwich composite loaded in compression and 
exposed to a heat flux of 25 kW/m2 (left) and 50 kW/m2 (right) for densities of a) 32 kg/m3, b) 75 kg/m3 and 
c) 120 kg/m3.  
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The out-of-plane displacement of the sandwich composite was found to depend on the density of 
the foam core. Shown in Figure 6-15 are comparisons of the out-of-plane displacement curves for 
composites with different core densities. The initial deflection towards the heat source increases 
with decreasing density due to a reduction in stiffness of the foam core and thus reduced resistance 
to bending. The out-of-plane displacement behaviour did not change with core density after the 
initial deflection period. 
a) 
 
 
 
b) 
 
 
 
Figure 6-15: Experimental out-of-plane displacement-time curves of the sandwich composite for different densities subject 
to a heat flux of 25 kW/m2 (left) and 50 kW/m2 (right) and a compression load of a) 4.5 MPa and b) 9 MPa. 
 
The effect of core density on the time-to-failure of the sandwich composite subject to compression 
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behaviour of the sandwich composite was the same for both heat fluxes due to failure being 
dominated by the softening and decomposition of the vinyl ester matrix to the heated skin and PU 
core. As expected, time-to-failure increased with decreasing applied load or heat flux irrespective of 
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the core density.  Increasing core density was shown to increase time-to-failure due to a reduced 
rate of heating of the unexposed skin, as discussed previously. The effect of core density on time-to-
failure decreases with increasing applied load due to failure becoming increasingly dominated by the 
properties of the heat exposed skin, which are less dependent on core density, and negligible 
heating of the unexposed skin. A change in failure mode due to core density was observed for the 
sandwich composite subject to high applied loads. Increasing the core density resulted in failure by 
core shear cracking as opposed to global buckling due to increasing bending resistance with 
increasing core density. This also manifested itself in the maximum load-carrying capacity of the 
sandwich composites; as can be seen the high core density composite can carry more than 14 MPa 
whereas the low core density composite maximum was half that at approximately 7 MPa. This is a 
good indication that structural stability has increased with core density. Figure 6-18 shows examples 
of the failure modes occurring at various load levels for the sandwich specimens. 
 
Figure 6-16: Time-to-failure of a sandwich composite for different core densities subject to compression load and a 25 
kW/m2 heat flux. Solid curves are lines-of-best fit.  
 
0
4
8
12
16
20
0 240 480 720 960
A
p
p
lie
d
 C
o
m
p
re
ss
io
n
 S
tr
e
ss
 (
M
P
a)
Heat Flux Exposure Time (s)
Mode IV
Mode I + II
Mode III
32 kg/m3 
75 kg/m3 
120 kg/m3 
185 
 
 
Figure 6-17: Time-to-failure of a sandwich composite for different core densities subject to compression load and a 50 
kW/m2 heat flux. Solid curves are lines-of-best fit.  
    
Mode I Mode II Mode III Mode IV 
Figure 6-18: Failure modes for the sandwich composite. 
 
6.6 Conclusions 
The research presented in this chapter shows the importance of core density in the fire structural 
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dependence of the thermal response of the polyurethane foam influenced the conduction of 
thermal energy through-thickness and thus the temperature of the unexposed skin and the overall 
failure of the sandwich composites. Importantly, the core density effected time-to-ignition. This is of 
great importance as ignition of volatile gasses greatly affects temperature and thus time-to-failure. 
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The core density also affected the deformation and failure mode of the sandwich composite; with 
increasing density resulting in more mechanically stable structures in fire conditions. 
A thermal-mechanical model is able to calculate the failure stress of the sandwich composites in 
tension load conditions when failure is dominated by the properties of the heat exposed skin. The 
model correctly predicts increasing time-to-failure with decreasing applied load or heat flux. 
However, due to shortcomings in the thermal model the prediction of failure is poor where 
decomposition and combustion of the polymer components are critical. 
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Chapter 7 - Fire Structural Performance of Aluminium and Steel Plates 
Abstract 
This chapter presents original research into the finite element modelling of aluminium and steel 
plates subject to simultaneous applied load (tension and compression) and one-sided heating by fire. 
A finite element model is used to analyse the deformation, softening and failure of the aluminium 
and steel in fire. Both metals were modelled for thicknesses ranging from 2.5 mm to 30 mm. A 
thermal-mechanical FE model is outlined. The thermal component calculates the temperature-time 
profile of the metal plates exposed to one-sided fire, while the mechanical component analyses the 
deformation caused by elastic softening, time-independent plastic softening and time-dependent 
plastic softening (creep). The primary, secondary and tertiary stages of creep are accounted for in 
the mechanical model. The model is validated using existing experimental results, and good 
agreement between the experimentally determined and modelled deformation behaviour and time-
to-failures was found. 
When subject to mechanical load and one-sided fire conditions, steel and aluminium share the same 
deformation mechanisms, ie: elastic-plastic softening and creep deformation. However, when 
exposed to the same conditions (heat flux and tension or compression load) the fire performance of 
steel is superior to aluminium. The increased fire performance is due to higher thermal and 
mechanical properties at elevated temperature leading to increased resistance to thermal softening 
and creep deformation. 
7.1 Introduction 
Aluminium and steel structures are used extensively in the aerospace, marine, automotive and civil 
infrastructure industries where fire in an ever present risk. The fire performance of aluminium and 
steel structures is a concern. Although metallic structures will not burn, they are susceptible to creep 
and suffer from thermally-induced degradation of their mechanical properties. In the event of a fire 
the metallic structure can be exposed to temperatures exceeding 800-1000°C. The stiffness and 
strength of aluminium and steel are reduced by more than one-half when heated to approximately 
250°C and 500°C respectively; which are significantly below the maximum temperature of many 
fires. 
To date structural tests have been performed on load-bearing metallic structures to determine their 
deformation behaviour and failure at elevated temperature. These tests have been largely confined 
to components representative of a structural application such as support columns and panels [17, 
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29, 30, 32, 144]. The use of representative components for fire research provides useful empirical 
data and observations on the structural behaviour in fire; but as discussed in Chapter 1 experiments 
provide only limited insight into the response behaviour for other structures. 
In recent years numerical models have been developed to predict the performance of load-bearing 
metallic structures at elevated temperature [9, 12, 16, 27, 28, 30, 33, 34, 97]. The models analyse 
the effects of elastic softening, plastic softening, strain hardening and creep deformation. Studies 
have found that the softening rate, time-to-failure and failure mode are dependent on the type of 
applied load and fire intensity. However, no studies have investigated the influence of thickness on 
the fire response of metallic structures. In reality, the thickness of metallic structures varies 
depending on the application, thus it is important to assess the effect of thickness on the fire 
structural response of metallic structures (as was done in chapter 4 for fibre reinforced laminates). 
This chapter presents a thermal-mechanical finite element (FE) modelling approach to predict the 
deformation and failure of aluminium and steel plates exposed to combined one-sided heating by 
fire and tension and compression loads. The model assesses the effect of plate thickness on the fire 
structural response, namely deformation and time-to-failure. An assessment is made for a variety of 
fire intensities ranging from low temperature (10 kW/m2) up to high temperature (>50 kW/m2). The 
model is validated using fire-under-load test data for aluminium alloy and mild steel plates. 
7.2 Materials 
The materials chosen for investigation here are mild steel and 5083-H116 aluminium alloy. Both 
materials are used in naval ship structures. The Young’s modulus and yield stress-plastic strain 
response are shown in Figure 7-1 as functions of temperature for both the steel and aluminium 
alloys. As expected, there is an appreciable difference in stiffness and strength between the two 
metals for all temperatures. Both alloys show reductions in stiffness and strength with increasing 
temperature due to thermal softening of the bulk material, dislocation movement and 
recrystallization [15, 27]. 
189 
 
a) 
 
b) 
 
c) 
 
Figure 7-1: Effect of temperature on a) the modulus of aluminium alloy 5083-H116 and steel [145]; and the yield stress-
plastic strain response of b) aluminium alloy 5083-H116 [27]  and c) steel [145]. 
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When considering the fire performance of a flat metal plate, the through-thickness thermal response 
is influenced by the materials thermal conductivity, (𝑘). Shown in Figure 7-2 is the thermal 
conductivity of the steel and aluminium alloy as a function of temperature. The higher thermal 
conductivity of the aluminium alloy suggests it will conduct heat more efficiently when compared to 
steel. 
 
Figure 7-2: Effect of elevated temperature on the thermal conductivity of steel and aluminium alloy 5083-H116. 
 
7.3 Thermal-Mechanical Modelling of Aluminium and Steel in Fire 
A finite element model was used to predict the deformation, softening and failure of flat steel and 
aluminium plates exposed to one-sided fire and tension/compression load conditions. A schematic 
of the loading condition is depicted in Figure 7-3. The thermal mechanical analysis is coupled such 
that the mechanical properties are temperature dependent; however the thermal properties are not 
mechanically dependent. 
 
 
Figure 7-3: Schematic of compression or tension loading on a metallic plate exposed to localised heating representative of a 
fire. 
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The finite element model consists of two components; a thermal analysis and a mechanical analysis. 
The thermal analysis computes the change in temperature due to exposure to a radiant heat flux 
representative of a fire while the mechanical analysis combines the effect of elastic softening, time-
independent plastic softening, time-dependent plastic softening (creep) and thermal expansion on 
the deformation and failure of the aluminium and steel structures. The time-dependent plastic 
softening includes the primary, secondary and tertiary stages of creep. The model is based on the 
work by Feih et al. [9]. 
7.3.1 Thermal Model 
The thermal analysis calculates the nodal rise in temperature of the metal plate as a function of time 
using 3D heat conduction theory. The analysis is described in detail by Feih et al. [9]. The 
temperature-time profile of a fire applied at the centre of the metal test plate is imposed as a 
boundary condition to better represent the experimental conditions (which are described later). The 
output of the thermal analysis is a temperature-time profile at any location in the plate exposed to 
fire. The governing 3D heat conduction equation used to predict the temperature-time profile of the 
plate is expressed as: 
𝜌𝐶𝑝
𝜕𝑇
𝜕𝑡
=
𝜕
𝜕𝑥
[𝑘𝑥(𝑇)
𝜕𝑇
𝜕𝑥
] +
𝜕
𝜕𝑦
[𝑘𝑦(𝑇)
𝜕𝑇
𝜕𝑦
] +
𝜕
𝜕𝑧
[𝑘𝑦(𝑇)
𝜕𝑇
𝜕𝑦
] (7-1) 
where 𝑇 is the temperature, 𝑡 is the heating time and 𝜌 is the density. The subscripts 𝑥, 𝑦 and 𝑧 are 
the transverse, longitudinal and through-thickness directions, respectively. 𝑘 and 𝐶𝑝 are respectively 
the thermal conductivity and specific heat capacity and are analysed as functions of temperature 
using: 
𝐴𝐴5083:        𝑘 = 0.1𝑇 + 120 (𝑊 𝑚℃⁄ ) 
𝑆𝑡𝑒𝑒𝑙:              𝑘 = −3.33 × 10−2𝑇 + 54 (𝑊 𝑚℃⁄ ) 
(7-2) 
𝐴𝐴5083:       𝐶𝑝 = 0.41𝑇 + 903 (𝐽 𝑘𝑔 ℃⁄⁄ ) 
𝑆𝑡𝑒𝑒𝑙:            𝐶𝑝 = 425 + 7.73 × 10
−1𝑇 − 1.69 × 10−3𝑇2 + 2.2 × 10−6𝑇3 (𝐽 𝑘𝑔 ℃⁄⁄ ) 
(7-3) 
7.3.2 Mechanical Model 
Based on results from the thermal analysis, the mechanical model calculates the softening and 
deformation of the metal plate at each nodal point until failure. Failure is defined as the point at 
which the residual strength of the specimen is equal to the applied load. The elastic softening of the 
specimen (Figure 7-1a) is determined at any location according to the hyperbolic tanh function: 
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𝐸(𝑇) =
𝐸0
2
(1 − 𝑡𝑎𝑛ℎ(𝛽(𝑇 − 𝑇50%))) (7-4) 
where 𝐸0 is the elastic modulus at room temperature, 𝑇50% is the temperature at which the elastic 
modulus is reduced by 50% from the room temperature value, and 𝛽 is a curve fitting parameter 
that defines the breadth of the modulus-temperature curve. 
The time-independent plastic softening of steel and aluminium is dependent on temperature. The 
reduction in yield stress and increase to elastic strain limit at any nodal location is described by true 
stress-strain curves measured at different temperatures. Figure 7-4 shows an example of the true 
stress-strain curves for a 5083-H116 aluminium alloy. 
 
Figure 7-4: Effect of temperature on the true stress-strain curves for aluminium alloy 5083-H116 [27]. 
 
The time-dependent creep softening uses a modified version of the Dorn [146] and Harmathy [147] 
model. The model incorporates the effects of primary, secondary and tertiary creep up to the point 
of stress rupture for tensile loading and primary and secondary creep leading to plate buckling for 
compression loading. A detailed description of the modified Dorn-Harmathy creep model is 
discussed by Feih et al. [9]. The material strain rates are given by: 
𝜀?̇?,𝐼+𝐼𝐼+𝐼𝐼𝐼 = 𝜀?̇?𝐼𝑐𝑜𝑡ℎ
2 (
𝜀𝐶,𝐼+𝐼𝐼+𝐼𝐼𝐼 + 𝜀𝑐𝑜𝑛𝑠𝑡
𝜀𝐶,0 + 𝜀𝑐𝑜𝑛𝑠𝑡
)
𝜀𝐶,𝐼+𝐼𝐼+𝐼𝐼𝐼
∗
𝜀𝐶,𝑙𝑖𝑚
 (7-5) 
where 𝜀?̇?𝐼 is the steady-state strain rate during the secondary creep stage. 𝜀𝑐𝑜𝑛𝑠𝑡 is an infinitesimal 
creep strain (𝜀𝑐𝑜𝑛𝑠𝑡 = 10
−7 in this study) to avoid a numerical singularity at 𝑡 = 0. 𝜀𝐶,0 is the strain 
at zero time and 𝜀𝐶,𝑙𝑖𝑚 is the limit creep strain at the beginning of tertiary creep. 𝜀𝐶,𝐼+𝐼𝐼+𝐼𝐼𝐼
∗  is given 
by: 
𝜀𝐶,𝐼+𝐼𝐼+𝐼𝐼𝐼
∗ = 𝑚𝑎𝑥 (0,∫
𝑑𝜀𝐶,𝐼+𝐼𝐼+𝐼𝐼𝐼
𝑑𝑡
𝑡
0
𝑑𝑡) (7-6) 
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The steady-state strain rate during the secondary creep stage (𝜀?̇?𝐼) is related to the applied stress 
and temperature via the Arrenhius creep equation: 
𝜀?̇?𝐼 = 𝐴𝐼𝐼𝜎𝑡
𝑛𝐼𝐼𝑒(−𝑄𝐼𝐼 𝑅𝑇⁄ ) (7-7) 
where 𝐴𝐼𝐼 is a pre-exponential factor for secondary creep, 𝑛𝐼𝐼 is the secondary creep exponent, 𝑄𝐼𝐼 is 
the creep activation energy and 𝑅 is the Boltzmann constant. The values 𝐴𝐼𝐼, 𝑛𝐼𝐼 and 𝑄𝐼𝐼 must be 
experimentally determined using elevated temperature creep tests on the steel and aluminium 
alloy. 
The creep strain at zero time is dependent on the applied stress and temperature in the primary 
creep stage, and is given via: 
𝜀𝐶,0 = 𝐴𝐼𝜎𝑡
𝑛𝐼𝑒(−𝑄𝐼 𝑅𝑇⁄ ) (7-8) 
where 𝐴𝐼 is the pre-exponential factor, 𝑛𝐼 is the stress exponent and 𝑄𝐼 is the primary creep 
activation energy. The primary and secondary creep parameters used in this study are given in Table 
7-1. 
Table 7-1: Creep properties for steel and aluminium alloy 5083-H116. 
Parameter Steel [145] 5083-H116 [27] 
𝑨𝑰 (−) 0.1407 1.81 × 10
8 
𝒏𝑰 (𝑴𝑷𝒂) -0.4521 -0.57 
𝑸𝑰 (𝑱/𝒎𝒐𝒍) 2.47 × 10
4 2.83 × 104 
𝑨𝑰𝑰 (𝒔
−𝟏) 2.13 × 103 2.74 × 10−3 
𝒏𝑰𝑰 (𝑴𝑷𝒂) 5.2 5.05 
𝑸𝑰𝑰 (𝑱/𝒎𝒐𝒍) 2.87 × 10
5 1.23 × 105 
𝜺𝑪,𝒍𝒊𝒎 (−) 0.003 0.0296 
 
 
The total strain (𝜀) on metal plates during fire exposure is the sum of the mechanical strain (𝜀𝑒𝑙), 
time-independent plastic strain (𝜀𝑝), time-dependent creep strain (𝜀𝑐) and thermal expansion strain 
(𝜀𝛼), and is expressed as: 
𝜀(𝑡, 𝑇) = 𝜀𝑒𝑙(𝑇) + 𝜀𝑝(𝑇) + 𝜀𝑐(𝑡, 𝑇) + 𝜀𝛼(𝑇) (7-9) 
The equation used for thermal expansion strain is shown below, where 𝛼 is the thermal expansion 
coefficient of the steel or aluminium, and 𝑇∞ is the ambient room temperature value. 
𝜀𝛼(𝑇) = 𝛼(𝑇 − 𝑇∞) (7-10) 
where the thermal expansion coefficient for carbon steel and 5083 aluminium alloy is: 
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Steel: 𝛼(𝑇) = −2.4 × 10−4𝑇3 + 4 × 10−9𝑇2 + 1.2 × 10−5𝑇 
AA5083: 𝛼(𝑇) = 1.28 × 10−8𝑇 − 2.15 × 10−5 
(7-11a) 
(7-11b) 
 
7.4 Finite Element Modelling Methodology 
The model was tested by analysing flat, rectangular plates made of mild steel and aluminium alloy 
using the finite element code ABAQUS (version 6.10). The plates were modelled using eight-node 
continuum shell elements (SC8RT). A mesh sensitivity analysis revealed mesh convergence was 
achieved for an element size of 5 x 5 mm2 in the lateral direction and having one element in the 
thickness of the plate with 5 integration points, Figure 7-5. Experimental data from fire-under-load 
test performed on the steel and aluminium alloy plate was used as input for the finite element 
model. The model analyses the effect of plate thickness on deformation, softening and failure of the 
steel and aluminium under the combined effect of tension or compression loading and one-sided 
heating by fire. The aluminium was tested for the three thicknesses of 2.5 mm, 6 mm and 30 mm, 
and the steel tested for thicknesses of 2.5 mm, 10 mm and 30 mm. The modelled specimens were all 
50 mm wide and 600 mm long, which is the size of the fire-under-load test specimen. The model 
assumes the plates to be perfectly flat and does not account for common artefacts from plate 
manufacturing such as plate curvature. 
 
Figure 7-5: Effect of mesh size on the necking initiation and final time-to-failures for the thermal-mechanical model [27]. 
A schematic of the fire structural tests for the steel and aluminium plate under combined tension or 
compression loading and one-sided fire is shown in Figure 7-6. The thermal boundary conditions 
were defined by the temperature-time profile of a measured fire at discrete points along the length 
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of the specimens heated surface. The bottom of the specimen was fixed, and the top of the 
specimen was constrained to in-plane axial movement (tension or compression). The tension or 
compression loads were applied and held constant for the duration of the analysis. The tension loads 
for the steel and aluminium were between 50 to 350 MPa and 45 to 300 MPa, respectively. The 
compression loads for the steel and aluminium were between from 50 to 300 MPa and 15 to 35 
MPa, respectively. 
 
Figure 7-6: Representation and boundary conditions of the thermal-mechanical FE modelling of a metallic specimen subject 
to tension or compression loading and one-sided heating representative of a fire. 
 
Shown in Figure 7-7 are the temperature-time profiles applied to the heat exposed surface of the FE 
specimen. The profiles are for fire intensities of 10, 25, 50 and 65 kW/m2, as well as cellulous (CE) 
and hydrocarbon (HC) fires. The profiles represent a wide variety of fire scenarios ranging from low 
temperature (~100°C), up to high temperature (>1000°C). The fire intensity can be seen to influence 
two factors: the maximum temperature and the rate of heating. 
 
Figure 7-7: Experimental temperature-time profiles for the different fire conditions used in the FE model. 
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7.5 Results and Discussion 
7.5.1 Thermal Response of Aluminium and Steel Plates in Fire 
The calculated through-thickness thermal responses of the aluminium and steel plates from the FE 
model are shown in Figure 7-8 for different heat flux levels (25 and 65 kW/m2) and thicknesses of 2.5 
and 30 mm. The temperature-time profiles have two distinct regions; an initial transient region 
followed a steady-state region. For both metals, increasing their thicknesses resulted in a reduction 
in the back surface temperature. The temperature difference between the front heated face and 
back surface temperatures for the steel and aluminium alloy are shown in Figure 7-9. For both 
metals the 2.5 mm thick samples have a very low steady-state through-thickness temperature 
differences (<1°C) and can be considered thermally thin. For the 30 mm thick samples the steady-
state temperature difference is more significant at approximately 12°C and 71°C for the 25 and 65 
kW/m2 heat flux levels, respectively. The steady-state through-thickness temperature difference is 
very similar for both materials with the two values within 5°C of one another. However, in the 
transient region the aluminium showed a higher back surface temperature than the steel, and this is 
due to the significantly higher thermal conductivity of the aluminium. Furthermore, the temperature 
difference is significantly higher in the transient region than in the steady-state region with 
temperature differences as high as 160°C; this will influence the creep activation time. The through-
thickness thermal response is very important as the major deformation mechanism for metals 
subject to load and one-sided fire conditions is thermally activated creep deformation which is both 
temperature and time dependent. Thus an increase in the through-thickness temperature gradient 
should result in better fire performance due to a lower average sample temperature and 
consequently slower creep deformation. 
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b) 
 
Figure 7-8: Temperature-time profiles of the unexposed surface of a) aluminium alloy 5083-H116 and b) steel of different 
thicknesses when exposed to a heat flux of 25 kW/m2 (Black) and 65 kW/m2 (Red). 
 
a) 
 
b) 
 
Figure 7-9: Difference in temperature between the heat exposed and unexposed surfaces for the aluminium alloy  and steel 
for a heat flux levels of a) 25 kW/m2 and b) 65 kW/m2. 
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7.5.2 Deformations of Aluminium and Steel Plates in Fire 
Tension 
The axial extension-heating time curves calculated using the finite element model for the steel and 
aluminium plates are compared to existing experimental results in Figure 7-10 [12, 145]. The curves 
are for heat flux values of 25 and 65 kW/m2 subject to a 200 MPa tension load. The axial 
displacements are in good agreement with the experimental results, showing the typical behaviour 
of loaded metallic samples under one-sided fire conditions (Figure 7-11), ie: a period of extension 
due to thermal expansion and primary creep followed by a quasi-linear period of axial-extension and 
out-of-plane contraction due to secondary creep, and a final stage of extension and necking due to 
tertiary creep and stress rupture. Increasing thicknesses was found to increase the time-to-failure 
for both alloys, which is expected. Increasing the thickness reduces the average through-thickness 
temperature of the metal plate which in turn increases the time to creep activation at any given 
node. It can be seen that the largest difference in axial displacement behaviour is in the tertiary 
creep region, and this is due to a carry-on effect caused by the increase in time required to activate 
creep deformation. Both the steel and aluminium plates show the same behaviour as creep 
deformation is the major deformation mechanism in both materials. 
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b) 
  
 
Figure 7-10: Comparison of the FE model predictions and experimentally determined axial displacement response of a) 
aluminium alloy 5083 and b) steel for subject to a 200 MPa tension load and exposure to a 65 kW/m2 heat 
flux. FE predictions for exposure to a 25 kW/m2 heat flux also shown. The dashed and solid curves are 
experimental and FE modelling results, respectively. 
 
Figure 7-11: FE predicted stages of deformation of a metal plate subject to one-sided fire conditions and tension load. 
 
Compression 
The FE model predictions for the in-plane and out-of-plane displacement responses of the steel and 
aluminium plates subject to compression load and one-sided fire are compared to existing 
experimental results in Figure 7-12 and Figure 7-13. The FE curves are for a 6 mm thick aluminium 
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plate and a 30 mm thick steel plate and heat flux levels of 25 and 65 kW/m2. The curves are not 
shown for the 2.5 mm thick plates as the applied load was greater than the Euler buckling loads, and 
the samples collapsed before the thermal model could be initiated. The predicted deformation 
behaviour of both metals show good agreement when compared to the typical deformation 
measured in existing experiments (Figure 7-14). The FE model predicts initial axial displacement due 
to thermal expansion followed by axial contraction due to the combined effect of creep 
deformation, thermal softening and a plastic hinge causing instability. Creep deformation continues 
with increasing heating time until specimen collapse occurs. Both the aluminium and steel plates 
exhibit similar axial deformation behaviour. Also shown are the out-of-plane displacement curves for 
the plates. Both metals show displacement towards the heat source (positive displacement) due to 
thermal expansion of the heat exposed surface and development of a plastic hinge. The out-of-plane 
displacement remained minimal until the specimen became unstable and rapidly collapsed. The out-
of-plane displacement behaviour was the same for both metals, although the steel had a longer 
time-to-failure due to its lower thermal conductivity and significantly higher modulus at elevated 
temperatures. 
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Figure 7-12:  Comparison of a) FE predictions and b) experimentally determined [9] axial and out-of-plane deformation for 
aluminium alloy 5083-H116 subject to compression load and exposure to a 25 kW/m2 heat flux. FE predictions 
for exposure to a 65 kW/m2 heat flux also shown.  
 
a) 
  
b) 
 
 
Figure 7-13:  Comparison of a) FE predictions and b) experimentally determined [145] axial and out-of-plane deformation 
for steel subject to compression load and exposure to a 65 kW/m2 heat flux. FE predictions for exposure to a 
25 kW/m2 heat flux also shown. 
 
0
0.5
1
1.5
0 1800 3600 5400 7200
D
is
p
la
ce
m
e
n
t 
(m
m
)
Heat Flux Exposure Time (s)
In-plane
Out-of-plane
25 kW/m2
-0.5
0
0.5
1
1.5
2
0 450 900 1350 1800
D
is
p
la
ce
m
e
n
t 
(m
m
)
Heat Flux Exposure Time (s)
In-plane
Out-of-plane
65 kW/m2
202 
 
 
Figure 7-14: FE predicted stages of deformation of a metal plate subject to one-sided fire conditions and compression load. 
 
 
 
7.5.3 Analysis of Aluminium and Steel Plates Exposed to Tension Load and One-Sided 
Heating 
Effect of Fire Intensity 
The predicted time-to-failure of the 6 mm thick aluminium alloy subject to tension load and one-
sided fire conditions is shown in Figure 7-15. The model predicts increasing time-to-failure with 
decreasing applied load and failure by tensile rupture in the heat affected gauge. The model 
indicates deformation is due to elastic, plastic and creep-induced softening; this is in good 
agreement with the experimentally measured time-to-failures of the aluminium alloy [12, 15, 27]. 
The fire performance of 6 mm thick 5083 aluminium alloy subject to tension load has been 
investigated by Khatibi et al. [12] for a heat flux of 50 kW/m2, and the predicted behaviour here is in 
good agreement with the experimental results from Khatibi et al. The fire performance of the 
aluminium alloy is shown for several fire intensities. The model correctly predicts decreasing time-
to-failure with increasing fire intensity for all applied load levels. The predicted time-to-failure of the 
10 mm thick steel plate subject to tension load and one-sided fire conditions is shown in Figure 7-16. 
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As with the aluminium alloy, the FE model predicts time-to-failure to decrease with increasing 
applied load and increasing fire intensity. Good agreement between the FE model and existing 
experimental results is shown. Any differences between the predicted and experimental times-to-
failure are attributed to the use of mean materials properties in the model. As discussed by Khatibi 
et al [12], significant scatter exists in the fire performance of metals. 
 
 
Figure 7-15:  Time-to-failure of the 6 mm thick aluminium alloy 5083-H116 subject to tension load and one-sided fire for all 
heat flux levels. The data points are experimental values measured by Khatibi et al. [12] and the curves were 
calculated using the FE model. 
 
 
Figure 7-16: Time-to-failure of the 10 mm thick steel subject to tension load and one-sided fire for all heat flux levels. The 
data points are from Chevali et al. [145] and the curves were calculated using the FE model. HC and CE are 
hydrocarbon and cellulose fires respectively. 
 
Effect of Thickness 
The predicted fire performance of the aluminium alloy for plate thicknesses of 2.5, 6 and 30 mm is 
shown in Figure 7-17. The FE model predictions for time-to-failure are shown for heat flux values of 
10, 25, 50 and 65 kW/m2. The model predicts a slight increase in fire performance with increasing 
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thickness. This is due to the influence of the through-thickness thermal gradient on the elastic, 
plastic and creep softening behaviour. When subject to fire conditions, the time to activate creep 
deformation decreases with increasing heat flux due to the increased elevated temperature. Here, it 
can be seen that increasing the thickness increases the through-thickness thermal gradient which 
causes a delay in the average time to activate creep deformation in the unexposed regions of the 
plate. Due to the high thermal conductivity of the aluminium alloy the temperature gradient is only 
slight and thus so is the effect of thickness on the fire performance. The effect of thickness on the 
predicted fire performance of the steel plate is shown in Figure 7-18. The same behaviour is 
observed for the steel and aluminium plates. However due to the lower thermal conductivity, higher 
softening temperature and slower creep rate of the steel the effect of thickness is more 
pronounced, as can be observed by the significant increase in fire performance of the 30 mm thick 
plate when compared to the 2.5 and 10 mm thick plates for the same heat flux level. 
 
 
Figure 7-17: FE predictions of the time-to-failure of aluminium alloy subject to tension load and one-sided fire. Thickness of 
2.5 (Blue), 6 (Black) and 30 mm (Red) and heat flux levels of 65, 50, 25 and 10 kW/m2 shown. 
 
 
Figure 7-18: FE predictions of the time-to-failure of the steel subject to tension load and one-sided fire. Thickness of 2.5 
(Blue), 10 (Black) and 30 mm (Red) and heat flux levels of 65 and 50 kW/m2 shown. 
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7.5.4 Analysis of Aluminium and Steel Plates Exposed to Compression Load and One-
Sided Heating 
Effect of Fire Intensity 
The predicted time-to-failure of the aluminium plate subject to compression load and one-sided fire 
conditions is shown in Figure 7-19. The applied load is normalised against the room temperature 
Euler buckling load. The time-to-failure of the plate is predicted to increase with decreasing applied 
load, which is expected. Furthermore, failure is predicted as global buckling due to thermal 
degradation of the modulus in the heat-affected gauge, and this is in good agreement with 
experimental observations on the fire performance of aluminium plates subject to compression 
loading [9, 28, 97, 99]. The fire performance of a 10 mm thick aluminium plate subject to 
compression load has been investigated by Feih et al. [9] for a heat flux levels of 25 and 50 kW/m2, 
and the predicted behaviour here is in good agreement. Also shown in Figure 7-19 is the fire 
performance of the aluminium plate for several other fire intensities. The model correctly predicts 
decreasing time-to-failure with increasing fire intensity for all applied load levels. The predicted 
time-to-failure of the steel plate subject to compression load and one-sided fire conditions is shown 
in Figure 7-20 and the model predicts the time-to-failure to decrease with increasing applied load 
and increasing fire intensity. Global buckling due to reduced stiffness of the heated gauge is also 
predicted for the steel plate. The model shows good agreement with experimentally determined 
time-to-failure values. 
 
Figure 7-19:  FE predictions of the time-to-failure of the 6 mm thick aluminium alloy subject to compression load and one-
sided fire for all heat flux levels. The data points are experimental values measured by Feih et al. [9]. 
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Figure 7-20:  FE predictions of the time-to-failure of the 10 mm thick steel subject to compression load and one-sided fire for 
all heat flux levels. The data points are experimental values measured by [145].  
 
Effect of Plate Thickness 
Shown in Figure 7-21 is the predicted fire performance of the aluminium plate subject to 
compression loading for thicknesses of 6 and 30 mm. FE predictions of time-to-failure are shown for 
heat flux levels of 25, 50 and 65 kW/m2. The FE model predicts a slight increase in fire performance 
with increasing thickness, as with the tension load condition. This is due to the influence of the 
through-thickness thermal gradient on the creep and softening behaviour; which are the major 
deformation mechanisms, as well as the increased buckling load with increasing thickness. Once 
again the effect of thickness on fire performance is slight due to the high thermal conductivity of the 
aluminium alloy resulting in a small through-thickness temperature gradient. The effect of thickness 
on the predicted compression fire performance of the steel plate is shown in Figure 7-22. The 
aluminium and steel plates show the same behaviour. However, the effect of increasing thickness is 
more pronounced due to the lower thermal conductivity and higher creep resistance of the steel. 
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Figure 7-21: FE predictions of the time-to-failure of aluminium alloy subject to compression load and one-sided fire. 
Thickness of 6 mm (Black) and 30 mm (Red) and heat flux levels of 65, 50 and 25 kW/m2 shown. 
 
 
Figure 7-22: FE predictions of the time-to-failure of the steel alloy subject to compression load and one-sided fire. Thickness 
of 10 mm (Black) and 30 mm (Red) and heat flux levels of 65 and 50 kW/m2 shown. 
 
7.6 Conclusions 
The research presented in this chapter examines the fire performance of aluminium and steel plates 
while subject to tension and compression load conditions via FE analysis. Furthermore, the effect of 
thickness on the fire performance is assessed for both materials. While the major deformation 
mechanism is the same for both metals (thermally activated creep deformation), the fire 
performance is very different. The thermal properties of the two metals (𝑘 and 𝐶𝑝) influence the 
temperature of the plates and in turn the time-to-failure. The superior elevated temperature 
modulus, strength and creep resistance of steel gives it better fire-under-load performance than the 
aluminium alloy. The plate thickness was shown by FE modelling to influence the mechanical 
response in the compression load condition. Increasing thickness increased the fire-under-load 
survivability for all load conditions. 
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Chapter 8 - Comparative Assessment of the Fire Performance of 
Metallic and Composite Materials 
Abstract 
Presented in this chapter is a comparative study into the fire performance of representative metallic 
and composite materials used in naval ships. The materials of interest are glass fibre laminates, glass 
fibre-polymer foam core sandwich composites, aluminium alloy and mild steel. The information 
presented in this chapter is based on the findings presented in the previous research chapters and as 
such the thicknesses of each material differ. The comparison is made as a preliminary assessment. 
The thermal response of the composite materials were found to increase more and at a much faster 
rate than the metallic materials due to their inability to effectively transfer heat away from the heat 
exposed area. This was due to their low thermal conductivities and the insulating effect caused by 
through-thickness damage (eg. delamination, cracking and char formation).  
Steel showed the best fire-under-load performance of both the tension and compression load 
conditions. In the tension load condition the composite materials outperformed the aluminium, 
while in the compression load condition the aluminium outperformed the composite materials. The 
change in performance was due to a change in the dominate failure mechanism of the composite 
materials due to the different temperature range over which each failure mechanisms took place. 
8.1 Introduction 
With the growing use of light-weight materials in structural applications there is increased concern 
regarding their fire resistance performance. With the increasing use of light-weight aluminium and 
glass fibre composites on naval ships there is a need quantify the relative performance of each 
material in terms of fire survivability. As highlighted in previous chapters, the fire survivability of a 
material is influenced by the damage response, geometric factors and the properties of the material 
constituents.  
Presented in this chapter is an investigation into the comparative fire performance and fire-under-
load survivability of modern light-weight structural materials compared to steel used in naval ships. 
Experimental and analytical results from previous chapters are used to compare the deformation 
and fire resistance behaviour of the materials in the tension and compression load conditions. The 
effects of applied load and radiant heat flux on survivability of three types of modern light-weight 
materials (aluminium alloy, glass fibre laminate and glass fibre sandwich composites) are compared 
to the more traditionally used steel. 
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8.2 Fire Structural Testing of Metallic and Glass Fibre Composites 
8.2.1 Materials 
The materials chosen for investigation here are an E-glass fibre vinyl ester laminate, polyurethane 
foam core sandwich composite, steel and aluminium alloy. These materials have been discussed in 
previous chapters and will only be briefly outlined here. Steel is used as a benchmark for comparison 
as it is extensively used in naval ships whereas aluminium and composite materials are competing to 
replace the use of steel in some structures. The thickness of the laminate, sandwich composite and 
steel is 9 mm, 13.5 mm and 10 mm, respectively. The aluminium thickness was 6 mm for tension and 
10.2 mm for compression. The aluminium alloy evaluated is a high strength 5083-H116 grade alloy. 
The laminate is comprised of plain woven E-glass fibres (830 g/m2) stacked in a [0/90] sequence and 
infused with a vinyl ester resin. The sandwich composite uses the same E-glass fibre-vinyl ester 
laminates as skins while the core is made from rigid polyurethane foam with a density of 75 kg/m3. 
The warp fibres of both the laminate and sandwich composites were aligned in the loading direction. 
The modulus and failure stress of all materials are shown in Figure 8-1 under isothermal elevated 
temperature conditions. 
a) 
 
b) 
 
Figure 8-1:  Comparison of a) modulus and b) failure stress of steel, aluminium and glass-fibre laminate at elevated 
temperature. 
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8.3 Results and Discussion 
8.3.1 Thermal Response of Metallic and Composite Materials in Fire 
The thermal responses of the metals and laminate were assessed when exposed to heat flux levels 
of 10 and 50 kW/m2. The sandwich composite was only tested at the 50 kW/m2 heat flux level. 
Shown in Figure 8-2 and Figure 8-3 are the thermal responses of the heat exposed and unexposed 
surfaces when exposed to the heat fluxes. All materials experience a rapid increase in temperature 
of the heat exposed surface. The two composite materials show very similar thermal responses to 
one another as their heat exposed surfaces are the same. When compared to the metals, the 
composite materials show a greater increase in temperature than the metals. When exposed to the 
10 kW/m2 heat flux the maximum temperatures are approximately 300°C and 175°C, respectively. 
While for the 50 kW/m2 heat flux the maximum temperatures are approximately 650°C, 625°C, and 
500°C for the laminate, sandwich and metallic materials respectively. The difference in temperature 
is primarily due to the lower through-thickness thermal conductivity of the composite, as well as 
thermally induced damage such as delamination, matrix cracking and char formation. As discussed 
earlier, the combination results in an insulating effect restricting the ability to conduct thermal 
energy away from the heat exposed area resulting in a significantly higher surface temperature in 
composite materials exposed to fire. Despite having different thermal properties, the heat exposed 
surface temperatures of the metals are the same. This is because both metals were coated in the 
same heat resistant black paint giving them the same thermal emissivity (~0.9). 
The thermal response of the unexposed surface of the metallic materials is very similar to their heat 
exposed surface due to their high thermal conductivity. The composite materials show a delay in 
temperature rise due to their lower through-thickness thermal conductivity. This behaviour is more 
prominent for the sandwich composite due to the highly insulating properties of the polyurethane 
foam core as well as the increased thickness (13.5 mm compared to 9 mm). Of importance is the 
decomposition and combustion of the composite materials. The decomposition of the vinyl ester 
resin used in the both composites is endothermic, while the decomposition of the polyurethane 
foam core used in the sandwich composite is exothermic. When exposed to a heat flux of 50 kW/m2 
both composite materials exhibit smouldering combustion resulting in a secondary rapid increase in 
temperature of the unexposed surfaces. The temperature of the sandwich composite increases at a 
higher rate than the laminate composite, this is due to the exothermic decomposition of the 
polyurethane foam core.  
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a) 
 
b) 
 
Figure 8-2: Experimental temperature-time profiles for the steel, aluminium and glass-fibre laminate when exposed to a 
heat flux of 10 kW/m2 at a) heat exposed surface and b) unexposed surface. Sandwich composite not tested at 
10 kW/m2 heat flux. 
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a) 
 
b) 
 
Figure 8-3:  Experimental temperature-time profiles for the steel, aluminium and glass-fibre laminate and sandwich 
composite when exposed to a heat flux of 50 kW/m2 at a) heat exposed surface and b) unexposed surface. 
 
8.3.2 Tensile Deformations of Metallic and Composite Materials in Fire 
Exposure to one-sided heat flux while subject to a static tensile load causes the materials to axially 
deform. Examples of the axial deformation response of the materials subject to low (100 MPa) and 
high (300 MPa) loads is shown in Figure 8-4 and Figure 8-5, respectively. The sandwich composite 
was not tested at 300 MPa as this was above its load-bearing capacity. All materials initially axially 
deform due to thermal expansion of the heat exposed surface and conduction though-the-thickness, 
followed by increasing deformation until stress rupture occurs. The aluminium and steel have similar 
deformation mechanisms with axial deformation being driven by elastic, time-independent plastic 
and time-dependent creep (primary, secondary and tertiary) softening. The steel deforms slower 
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than the aluminium due to its superior elevated temperature mechanical properties, lower thermal 
conductivity and higher creep activation energy. 
The mechanism for axial deformation of the two composite materials is the same; thermal softening 
and decomposition of the vinyl ester resin combined with progressive failure of the glass fibre 
reinforcement due to temperature-time dependent weakening. However, for composites of 
comparable thickness the two materials axially deform at different rates, and this is due to the 
different load sharing behaviour. For sandwich composites, softening or failure of one skin results in 
a significant increase in load being transferred to the stiffer or remaining skin, whereas in the 
laminate the load is redistributed more evenly over numerous plies through the thickness. 
 
Figure 8-4: Comparison of the axial displacement response of the steel, aluminium and glass-fibre laminate when exposed 
to a 10 kW/m2 heat flux and a tension load of 300 MPa. Sandwich composite not tested at 10 kW/m2 heat flux. 
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b) 
 
Figure 8-5: Comparison of the axial displacement response of the steel, aluminium, and glass-fibre laminate and sandwich 
composite when exposed to a 50 kW/m2 heat flux and a tension load of a) 100 MPa and b) 300 MPa. 
 
8.3.3 Tensile Failure of Metallic and Composite Materials in Fire 
The effects of increasing tension load and material type on time-to-failure is shown in Figure 8-6 to 
Figure 8-8 for a heat flux levels of 10, 25 and 50 kW/m2, respectively. Both the composite materials 
show significant scatter in the time-to-failure, as discussed previously this is due to variability in the 
size of pre-existing flaws in the glass fibres and variability in their flaw growth rate at elevated 
temperatures. Scatter has also been reported for metallic materials subject to mechanical load and 
fire conditions [12]. This scatter is due to variability in the metals creep properties stemming from 
variability in precipitate distribution, grain size consistency and other microstructural features 
controlling the creep rate. In all cases, scatter increases with decreasing applied load (increasing 
heat flux exposure time), as the driving mechanisms causing scatter are all temperature-time 
dependent. 
Despite the glass fibre laminate having the highest isothermal elevated temperature tensile failure 
stress (Figure 8-1); steel shows the best fire-under-load performance with significantly longer time-
to-failures than the other materials. The superior performance is due to the good resistance to time-
dependent softening as well as the significantly lower temperature experienced by the metals when 
subject to the same heat flux level. The performance of the glass fibre laminate is greater than 
aluminium despite the aluminium experiencing lower temperatures. From the analysis in Chapter 7 
it is clear the thickness of the aluminium will affect the fire-under-load performance, however the 
aluminium thickness would need to be increased to more than three times that of the glass fibre 
laminate to show similar fire-under-load performance. Therefore, the superior performance of the 
laminate is due to the superior elevated temperature properties of the glass fibres. Although the 
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sandwich composite is the thickest material it is also the worst performing in terms of time-to-
failure, particularly for low applied loads (<100 MPa). The poorer performance is due to the low 
amount of glass fibre available to distribute the applied load, as well as the exothermic 
decomposition of the polymer core and ignition of decomposition gases causing the highest 
temperature on the unexposed face. For higher applied loads (>100 MPa), the fire performance is 
equal to the aluminium alloy due to the reduced dependency on time-dependent damage 
mechanisms.  
 
Figure 8-6: Comparison of the time-to-failure of the steel, aluminium and glass-fibre laminate when exposed to a 10 kW/m2 
heat flux and tension stress. Arrows indicate time-to-failures longer than 7200 seconds. 
 
 
Figure 8-7: Comparison of the time-to-failure of the steel, aluminium and glass-fibre sandwich composite when exposed to 
a 25 kW/m2 heat flux and tension stress. Arrows indicate time-to-failures longer than 7200 seconds. 
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Figure 8-8:  Comparison of the time-to-failure of the steel, aluminium, glass-fibre laminate and glass fibre sandwich 
composite when exposed to a 50 kW/m2 heat flux and tension stress. Arrows indicate time-to-failures longer 
than 7200 seconds. 
 
8.3.2 Compression Deformations of Metallic and Composite Materials in Fire 
The axial displacement response curves for the materials subject to one-sided fire-like conditions 
and compression loading are shown in Figure 8-9 and Figure 8-10 for exposure to heat flux levels of 
10 and 50 kW/m2, respectively. As expected, the axial displacement is dependent on the materials 
thermal expansion coefficient and softening temperature range, Table 8-1. The range of thermal 
expansion coefficients is similar for all materials, with the polyurethane foam being the highest. The 
composite materials show the lowest thermal expansion due to their susceptibility to thermal 
softening causing loss of stiffness over a relatively low temperature range. The metals show the 
greatest thermal expansion due to higher softening temperature ranges. Collapse of the metallic 
materials is due to thermal softening, creep deformation and instability caused by a plastic hinge 
(discussed earlier), whereas collapse of composite materials is driven by thermal softening and 
decomposition of the polymer constituents which occurs at a relatively low temperatures 
(decomposition temperature approximately 350°C for vinyl ester and polyurethane), as well as 
instability caused by non-symmetrical heating. 
 
Table 8-1: Coefficient of thermal expansion (CTE) and softening temperatures for aluminium alloy 5083-H116, steel, vinyl-
ester, glass fibre and polyurethane foam. 
Material CTE (𝟏𝟎−𝟔K-1) Softening Temperature (°C) 
5083 26 100-400 
Steel 12.5 150-600 
Vinyl Ester 19 50-150 
Glass Fibre 5.4 150-650 
Polyurethane 50 50-300 
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Figure 8-9: Comparison of the axial displacement response of the steel, aluminium and glass-fibre laminate when exposed 
to a 10 kW/m2 heat flux and 25 MPa compression load. 
 
 
Figure 8-10: Comparison of the axial displacement response of the steel, aluminium, glass-fibre laminate and sandwich 
composite when exposed to a 50 kW/m2 heat flux and 25 MPa compression load. 
 
8.3.3 Compression Failure of Metallic and Composite Materials in Fire 
The effect of increasing compression load on time-to-failure for all materials is shown in Figure 8-11 
to Figure 8-13 for exposure to the heat flux level 10, 25 and 50 kW/m2, respectively. The fire-under-
load performance of the metallic materials is far greater than the composite materials, with steel 
performing the best. The failure of the metallic materials is dependent on the elastic, plastic and 
importantly creep softening, while the failure of composite materials is dominated by softening of 
the vinyl ester resin, which completely softens by 150°C. The steel performs better than the 
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aluminium due to its superior elevated temperature properties and higher creep activation energy. 
The sandwich composite performs the worst due to failure being dominated by the properties of the 
heat exposed skin which, due to its low thermal conductivity and therefore high temperature, 
degrade quickly. Typically the metallic materials failed via global buckling, the laminate composite 
failed via plastic kink band formation, while failure of the sandwich composite was initiated by 
collapse of the heat exposed skin due to softening of the polymer resin or  plastic kink band 
formation. 
 
Figure 8-11: Comparison of the time-to-failure of the steel, aluminium and glass-fibre laminate when exposed to a 10 
kW/m2 heat flux and compression load. Arrows indicate time-to-failures longer than 7200 seconds.  
 
Figure 8-12: Comparison of the time-to-failure of the steel, aluminium and glass-fibre sandwich composite when exposed to 
a 25 kW/m2 heat flux and compression load. Arrows indicate time-to-failures longer than 7200 seconds. 
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Figure 8-13: Comparison of the time-to-failure of the steel, aluminium and glass-fibre laminate when exposed to a 50 
kW/m2 heat flux and compression load. Arrows indicate time-to-failures longer than 7200 seconds. 
 
8.4 Conclusions 
Presented in this chapter is a comparative analysis of the relative performance of light-weight 
structural materials against steel. Exposure of the materials to a one-sided heat flux representative 
of a fire revealed the heat exposed surface of the composite materials increase in temperature at a 
much faster rate and reach a higher maximum temperature than the metallic materials. While the 
heating rate of the heat exposed skin was higher, the heating rate of the unexposed skin was slower. 
This was due to the combination of a lower thermal conductivity and the insulating effect caused by 
through-thickness damage (delamination, matrix cracking and decomposition). 
While the fire performance of steel was superior in both the tension and compression load 
conditions, the fire performance of the light-weight materials performed significantly differently 
depending on the applied load type. The fire performance of the composite materials under tension 
is better than the aluminium alloy due to the higher temperature range over which thermal 
weakening of the glass fibres occurs. However, the performance of steel is greater again due to its 
high thermal softening temperature range and superior resistance to creep deformation. When 
subject to compression the steel and aluminium show the best fire performance. This is due to the 
higher through-thickness stiffness of the metallic materials and higher softening temperature range. 
The fire performance of the sandwich composite material is the worst due to failure being highly 
dependent on the softening and failure of the heat exposed skin in the compression load condition. 
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Chapter 9 – Conclusions and Future Research 
9.1 Summary of Major Findings 
This PhD project has contributed to a better understanding of modern light-weight structural 
materials exposed to elevated temperature and fire conditions. Research gaps have been identified 
by reviewing the current knowledge on the thermal, mechanical and fire properties of aluminium 
alloys, laminate composite and sandwich composite materials, which formed the basis of this PhD 
research. 
The fire performance of glass fibre laminates with various fibre orientation angles was investigated 
for the tension load condition. Fire-under-load testing at multiple heat flux intensities and stress 
levels revealed fibre orientation greatly affects fire performance. Increasing fibre orientation angle 
relative to the loading direction decreased rapidly the time-to-failure due to increasing dominance 
of the matrix properties. Fibre orientation angle also influenced the failure mode of the laminate. 
On-axis or low angle (<5°) laminates were dominated by tensile failure of the glass reinforcement. 
Increasing the orientation to intermediate angles (5°<ϕ<15°) resulted in complex mixed-mode 
failure involving both the fibres and matrix. Due to this complexity, intermediate orientation angles 
were not well modelled as the mechanical model assumes a single dominate mode of failure. For 
obtuse angles (>15°) the failure mode was dominated by the matrix properties. The thermal 
response of the laminate was also affected by both stress level and fibre orientation due to the 
insulating effects caused by delamination and cracking through the matrix and char phases. 
The effect of thickness on the performance of glass fibre laminates in fire-like conditions was 
investigated for the first time. An experimental investigation was conducted for both tension and 
compression loading and several heat flux levels. The thickness was shown to greatly affect the 
thermal response of the laminate which in turn affected the thermally-induced damage and 
mechanical response. Increasing thickness resulted in increased fire performance due to a reduced 
rate of through-thickness heating and thus a reduced rate of degradation of the laminate properties. 
A thermal-mechanical model was presented and the agreement between experimental and 
calculated failure-times was good. 
A significant degree of scatter was identified in the fire performance of composite materials; and this 
has also been investigated for the first time in this PhD project. Numerous sources of variability in 
the properties of the laminate and its constituent materials were identified. The key sources 
included variations in the fibre bundle strength, fibre bundle softening rate as well as the thickness 
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and flatness of the laminate. While the effect of an individual source of variability can be small, the 
additive effect of several mechanisms was significant. This must be accounted for to ensure the safe 
design of structural components where fire poses a risk. A new statistical-based thermal-mechanical 
model was developed to assess the fire performance of the laminate, and the agreement between 
the degree of scatter observed experimentally and that predicted using the model was excellent. 
The effect of core density on the fire performance of sandwich composite materials was assessed in 
this PhD project. The thermal response of the sandwich composite was shown to be affected by the 
core density; with increasing density resulting in a decrease in heating rate and increase in time-to-
smouldering combustion. This was due to the density dependency of polyurethane foam fire 
properties. Due to the influence on the thermal response of the sandwich composite, the fire 
performance under both tension and compression load conditions is also affected. The effect is 
greatest under low applied load conditions where heat flux exposure times and smouldering times 
are longer. The core density also influenced the failure mode. 
The fire performance of steel and aluminium alloy (5083-H116) was studied numerically for several 
fire intensities, stress levels, and for both the tension and compression load conditions. For tension, 
creep induced stress rupture was found to be the dominate failure mode for both the steel and 
aluminium, particularly at low stress levels when the fire exposure time was long. While for 
compression, global buckling was the dominate failure mode for both metals. The effect of thickness 
on the fire performance for the two metals in tension and compression was also investigated. The 
effect of thickness was small for the aluminium alloy, but significant for the steel. The difference was 
due by the higher thermal conductivity and lower creep activation energy of the aluminium alloy. 
For small thicknesses (2.5 mm) the assumption of thermally thin can be made, however for large 
thicknesses the through-thickness temperature gradient is significant and the assumption is invalid. 
The fire performance of modern light-weight structural materials was compared with steel for both 
the tension and compression load conditions. The light-weight materials were outperformed when 
compared to steel. Fire performance was found to depend on the load condition (ie: tension or 
compression). Under tension the composite materials outperformed the aluminium due to the 
superior elevated temperature properties of the glass fibres. The glass fibre strength is temperature-
time dependent and can withstand temperatures in excess of 550°C whereas the aluminium will 
completely soften by 450°C. When subject to compression, the aluminium outperformed the 
composite materials due to the poor elevated temperature properties of the polymer components 
which can soften at temperatures as low as 180°C. 
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Many modern structures are employing the use of light-weight structural materials, such as offshore 
platforms, ships and aircraft. Based on the findings of this PhD project it is recommended that due 
consideration is given to the type of light-weight materials used and their geometric variables 
especially where exposure to elevated temperature environments such as fire are possible. It is clear 
from the research findings presented, the performance of these materials in elevated temperature 
environments differ significantly to that of the more traditionally used steel. When considering light-
weight materials for structural application, structures dominated by tension loads can make good 
use of glass fibre composite materials with fibres aligned in the loading direction. This is due to the 
superior elevated temperature performance of glass fibres when compared to aluminium alloys. 
However, polymer composite structures dominated by compression loads are compromised by the 
poor elevated temperature performance of the polymer matrix; in this case aluminium would 
provide better structural performance 
9.2 Future Research 
Significant progress has been made in the understanding of the thermal-structural responses of 
metallic and composite materials in fire. The research conducted in this PhD project and that by 
other researchers have investigated the fire performance and properties of numerous metallic and 
composite materials. This PhD has investigated the fire performance of steel and aluminium, 
unidirectional and woven composites as well as foam core sandwich composites, and the effects of 
several geometric parameters. However, much remains unknown and more research is needed to 
better understand and predict the behaviour of materials in fire. Included below are suggestions for 
future research to further the understanding of composite materials in fire: 
• Continued development of thermal and mechanical models for composites in fire: 
As noted in this PhD thesis thermally- and mechanically-induced damage directly influences the 
temperature distribution though the composite, although this is often neglected leading to incorrect 
predictions by modelling. The most significant damage that needs to be accounted for is 
delamination and matrix cracking, as those affect both heat transfer and the gas flux dynamics 
within the composite. To accurately predict the fire survivability of a composite in these conditions 
smouldering and/or flaming combustion must be accounted for by the thermal model. In addition, 
these processes are often mechanically dependant and need to be linked to the mechanical model. 
The mechanical models used to date generally show good agreement with experimental results in 
terms of survivability time, however the mode of failure can be incorrect or overly simplified. The 
development of mechanical models to account for complex multi-mode failure events or the 
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transition between different modes of failure is important if more complex composite geometries 
are to be modelled in the future. 
• Progression of experimental investigations of materials in fire: 
Research to date has focused mainly on aluminium, carbon fibre-epoxy or glass fibre-vinyl ester 
composites (laminated and sandwich). While these material types account for a significant 
proportion of light-weight materials used in the real world the research could be broadened to 
account for a wider variety of structural materials. In addition, the current research is limited to axial 
tension or compression loading. In real world applications structures are often subject to more 
complex loading conditions such as shear, bending, fatigue, or combinations of such as bi-axial 
tension or compression. The research could also be extended to include mitigation of fire-induced 
damage and survivability of exposure to extremely high temperature-short term environments such 
as lightning strikes. 
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